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Abstract
This PhD thesis addresses the design and performance evaluation of digi-
tal photonic receivers in hybrid optical ber-wireless transmission systems.
The research results presented in this thesis are pioneering in two areas.
First, it is shown the rst experimental demonstration of automatic demod-
ulation of signals with mixed modulation formats and bit rates in a single
digital coherent photonic receiver. The demodulated signals were generated
on baseband and optical phase-modulated (PM) radio-over-ber (RoF) sys-
tems. Secondly, it is presented the rst known analytical and numerical
investigations on the performance of data-aided optical channel estimation
based on constant-amplitude zero-autocorrelation (CAZAC) sequences for
112 Gb/s polarization-diversity coherent optical ber transmission links.
The benets of introducing digital signal processing functions in opti-
cally envelope detected RoF systems are presented rst. Subsequently, we
show the robustness and exibility of digital signal processing based re-
ceivers for coherent detection of wavelength-division-multiplexed (WDM)
optical transmission system in metro-access networks supporting hetero-
geneous wireline and wireless services. The experimental demonstration
supported the following transmissions systems: a baseband, 5 Gbps, in-
tensity modulation system employing a directly modulated vertical cavity
surface emitting laser (VCSEL), a baseband 20 Gbps non-return-to-zero
quadrature phase-shift keying (NRZ-QPSK) system, an optically phase-
modulated 2 Gbps impulse radio ultrawideband (IR-UWB) link and an op-
tically phase-modulated 5 GHz OFDM radio-over-ber transmission link.
The results of the experiment are relevant for future applications in het-
erogeneous metro-access networks.
This thesis also introduces a novel approach to implement joint phase,
frequency and modulation format estimation. The new proposed approach
uses a data-aided clustering-based estimation technique based on the k-
means algorithm, instead of using traditional methods based on maximum
i
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ii Abstract
a posteriori or maximum likelihood estimation. Firstly, the k-means algo-
rithm is successfully applied for demodulation of very high speed radio-over-
ber signals in a WDM multichannel transmission link. The recovered 2.5
Gb/s QPSK signals at a carrier frequency of 6 GHz resulted in the highest
bit rate reported until 2009 for that kind of systems. Then, an extension of
the proposed k-mean algorithms is applied to higher order modulation for-
mats. Successful experimental signal demodulation of 8 phase-shift-keying
(8PSK) and 16 quadrature-amplitude-modulated (16QAM) conrm the ro-
bustness of the proposed signal demodulation approach. Finally, a recon-
gurable receiver supporting burst mode transmission of signals where the
modulation format and bit rate changes from "burst to burst" is introduced
and experimentally validated.
This PhD thesis demonstrate the exibility, upgradeability and robust-
ness oered by recongurable digital signal processing based photonic re-
ceivers in hybrid wireless and wireline optical ber transmission links. Fur-
thermore, the digital signal processing framework presented in this thesis
can be extended to design probabilistic-based digital photonic receivers
that can nd applications in cognitive heterogeneous recongurable optical
networks.
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Abstrakt
Denne ph.d.-afhandling omhandler design og evaluering af digitale, fo-
toniske modtagere i hybride, optiske ber-tradlse transmissionssystemer.
Forskningsresultaterne er banebrydende pa to omrader. For det frste
vises eksperimentel og automatisk demodulation af signaler med blandede
modulationsformater og bithastigheder i en og samme digitale, fotoniske
modtager; signalerne stammer fra basisband og optisk fase-modulerede
(PM) radio-over-ber (RoF) systemer. For det andet prsenteres de frste,
kendte, analytiske og numeriske undersgelser af data-stttede, optiske
kanalestimeringer baseret pa konstant-amplitude nul-autokorrelation sekvenser
for 112 Gb/s kohrente, optiske berforbindelser med polarisationsdiver-
sitet.
Frst prsenteres fordelene ved at indfre digital signalbehandling i op-
tiske, RoF systemer med amplitudedetektion. Efterflgende pavises robus-
theden og eksibiliteten af digitale, signalbehandlingsbaserede modtagere
til kohrent detektion af blgelngdemultipleksede (WDM), optiske trans-
missionssystemer i metro-accesnet, som understtter heterogene, kabel-
baserede og tradlse tjenester. Den eksperimentelle opstilling understtter
flgende transmissionssystemer: et 5 Gb/s basisband, intensitetsmoduleret
system, der bruger en direkte moduleret "vertical cavity surface emitting
laser" (VCSEL ); et 20 Gb/s basisband "non-return-to-zero quadrature
phase-shift keying" (NRZ-QPSK) system; en optisk, fase-moduleret 2 Gb/s
"impulse radio ultrawideband" (IR-UWB) forbindelse; og en optisk fase-
moduleret 5 GHz OFDM-radio-over-ber transmissionsforbindelse. Resul-
taterne af eksperimenterne er relevante for fremtidige anvendelser i hetero-
gene metro-access netvrk.
Afhandlingen introducerer ogsa en ny tilgang til at realisere estimering
af flles fase, frekvens og modulationsformat. Den foreslaede, nye frem-
gangsmade gr brug af en data-stttet, cluster-baseret estimeringsteknik,
som er baseret pa "k-means" algoritmen i stedet for de traditionelle metoder
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iv Abstrakt
baseret pa maksimal a posteriori eller maksimal sandsynlighedsestimer-
ing. Frst anvendes "k-means" algoritmen med succes til demodulation
af radio-over-ber signaler med meget hj bithastighed i en WDM multi-
kanal transmissionsforbindelse. De gendannede 2,5 Gb/s QPSK signaler
pa en brefrekvens pa 6 GHz udgjorde den hjeste bithastighed, som var
rapporteret indtil 2009 for den slags systemer. Derefter blev en udvidelse
af den foreslaede "k-mean" algoritme anvendt pa hjere ordens modula-
tionsformater. Vellykkede, eksperimentelle demoduleringer af "8 phase-
shift-keying" (8PSK) og "16 quadrature-amplitude-modulated" (16QAM)
bekrfter den foreslaede demodulationsmetodes robusthed. Endelig blev
en rekongurerbar modtager, der understtter "burst mode" transmission
af signaler, hvor modulationsformat og bithastighed ndrer sig fra "burst
to burst", introduceret og eksperimentelt vericeret.
Ph.d.-afhandling demonstrerer den eksibilitet, det opgraderingspoten-
tiale og den robusthed, som omkongurerbare, digitale, signalbehandlings-
baserede fotoniske modtagere kan tilbyde i hybride, tradlse og kabel-
baserede berforbindelser. Desuden kan den digitale signalbehandlingsme-
tode, der prsenteres, udvides til at designe sandsynlighedsbaserede, digi-
tale fotoniske modtagere, som kan nde anvendelse i kognitive, heterogene
og rekongurerbare optiske netvrk.
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Chapter 1
Introduction
A strong upgrade of existing wireless and ber-based access networks is
needed in order to respond to the exponential increase of bandwidth de-
mand from modern information societies. Moreover, it is expected that
next generation access networks will guarantee access to high bandwidth
services, as well as multimedia applications, to end users any time and
anywhere.
On one hand, the wide set of heterogeneous multimedia services pro-
vided by wireless access networks have implanted the idea of an omnipresent
telecommunication network in users' minds. Indeed, immediate access to
information is currently oered by wireless access networks. Telecommuni-
cation wireless services, however, do not have enough bandwidth to allow
access to services such as high denition TV (HDTV) or multimedia appli-
cations with transmission rates in the order of thousands of Mb/s. To date,
the highest transmission rate oered by the wireless local area network
(LAN) technology is still 10 times below the data transmission capacity
necessary to support the new generation of video-based telecommunication
services [1].
To increase the data transmission rate of current telecommunication
wireless services from hundred of Mb/s up to multi-Gb/s, new research
fronts on wireless access networks are exploring the unlicensed 60 GHz
frequency band for wireless signal transmission [1, 2]. However, the high
atmospheric attenuation of mm-waves at this frequency band will demand
the installation of a large number of antenna base-stations (BSs) in order
to compensate for signal power losses and guarantee the quality of service
to customers. In conclusion, while the use of the 60 GHz frequency band
is good for ecient spectral utilization for in-building communication ap-
1
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plications, it also implies an increase of the system energy consumption.
Therefore, a new approach to decrease system power consumption and at
such high frequency band supporting high data transmission capacity is
urgently needed in wireless access networks [1, 2].
On the other hand, wired access networks based on ber-to-the-home
(FTTH) technology are a promising approach to increase data transmission
capacity due to the large bandwidth oered by the optical ber [3], [1,2]. In-
deed, FTTH deployment has recently surpassed thirty million users world-
wide and the trend is predicted to continue at a rapid rate [3]. Various
FTTH solutions have been implemented using passive optical networks
(PONs). Passive optical networks provide much higher bandwidth for data
transmission applications than current solutions such as digital subscriber
lines (DSL), as well as lower network energy consumption because of the use
of only passive elements such as passive combiners, couplers and splitters
in the signal's path. The aggregated data transmission capacity on PON
access has rapidly increased from orders of Gb/s up to 40 Gb/s over the last
10 years [1]. In fact, transmission rates above 10 Gb/s have been reported
by PON systems based on optical ber access technologies such as Time Di-
vision Multiple Access (TDMA), Wavelength Division Multiplexed (WDM)
and optical Orthogonal Frequency Division Multiple Access (OFDMA) [4].
Furthermore, recent experimental demonstrations of data rate transmis-
sion of 25 Ghz-spaced, 320x114Gb/s dense-WDM (DWDM) transmission
through 580 km been reported [5].
Among the already mentioned optical ber access technologies, WDM-
PON is the most promising solution for implementing future broadband
access networks [6, 7]. These systems, however, rely on demultiplexing
by xed wavelength lters such as ber Bragg gratings or arrayed waveg-
uide grating (AWGs). This adds complexity to the PON architecture, and
makes future upgrades of capacity and number of users problematic. In
our group we proposed in [8], the introduction of coherent detection with
digital signal processing (DSP) as a exible and future-proof candidate for
next generation PONs. The proposed solution is based on multi wavelength
optical transmission over the existing PON architecture while avoiding the
restrictions imposed by AWGs for demultiplexing. Moreover, the system
will support both wireline and wireless over ber types of signals, as well
as bidirectional single ber transmission.
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1.1 Hybrid ber wireless networks
The use of a WDM-PON infrastructure to distribute microwave and mil-
limeter waveband signals is envisaged as the next technology to increase
data transmission capacity in wireless access services. Such technology
is known as Radio-over-Fiber (RoF). Furthermore, since the same optical
ber infrastructure to distribute RoF signals can also support optical digital
signals, the convergence of RoF-based optical-wireless networks and WDM-
PON systems are regarded as the most promising solution to increase the
capacity, coverage, bandwidth and mobility in future hybrid broadband ac-
cess networks (see Fig. 1.1) [9{15]. The convergence of wireless-based and
ber-based access networks is known as hybrid ber wireless networks.
The implementation of hybrid ber wireless networks is not straight-
forward and issues of spectrum allocation, performance optimization and
integration with existing infrastructures must be considered [16]. An ap-
proach to achieve dynamic spectrum allocation have been recently reported
by using optical-frequency-interleaved techniques and optical path switch-
ing to perform dense WDM (DWDM) grid assignment [1]. An additional
important aspect for hybrid ber wireless networks is to full power budget,
dispersion, and other quality requirements for both signal types.
InPAPER 13 we reported an experimental demonstration of a 78.8 km
WDM-PON supporting converged transport of 21.4 Gbit/s NRZ-DQPSK,
optical phase modulated 5 GHz radio-over-ber, ber and air transmission
CO
Service integration
Unified optical 
network platform 
Different 
modulation 
formats
BS
Figure 1.1: Radio over ber network: urban scenario. BSU, base station unit; CO,
central oce
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4 Introduction
of 3.125-Gb/s pulse ultra-wideband and 256-QAM WiMAX. This was the
rst known demonstration of seamless coexistence of various wireless and
wireline signals toward future converged broadband access networks.
A powerful method to achieve successful implementation of hybrid ber
wireless networks is the use of digital signal processing (DSP) algorithms
for transmission impairment compensation and signal conditioning and de-
modulation. Recent advances in high-speed DSP techniques and analog-to-
digital (A/D) converters (ADC) have enabled the integration of DSP-based
receivers into ber-based communication systems. Digital receivers to per-
form signal demodulation of intensity-modulated/direct-detected (IM/DD)
hybrid ber wireless systems are known as digital direct detection receivers.
PAPERS 1, 11 and 12 report on the contributions of two representa-
tive IM/DD hybrid ber wireless technologies: optical envelope detected
systems and photonic ultra-wideband (UWB) systems.
1.2 IM/DD hybrid ber wireless networks
Optical envelope detected systems allow an easy integration of microwave
wireless communications schemes with wired access networks based on op-
tical ber technology. Optical envelope detection emerges as a promising
technology to reduce the complexity of radio-frequency (RF) resources at
the receiver side since RF down-conversion is performed by direct photo-
detection of the optical signal instead of heterodyne RF mixing techniques
[17]. Experimental validation has been reported with various RF modu-
lated signal types, including 5.5 Gbit/s amplitude shift keying (ASK) [18],
and 40 Mbaud 16 QAM and quadrature phase shift keying (QPSK) [19].
In PAPER 1 we demonstrated the rst known integration of a DSP-
based receiver into optical envelope detected systems. The benets intro-
duced by the integration of DSP modules for signal demodulation can be
summarized as follows: easy receiver system reconguration on a single
software-platform, and simple digital implementation of coding and encod-
ing tasks.
The other relevant contribution reported here on IM/DD hybrid ber
wireless systems regards the development of photonic UWB systems. UWB
has been proposed as an alternative air interface for Wireless Personal Area
Networks (WPAN) because of its low power spectral density, high data rate,
and robustness for multi-path fading [20]. For broadcast applications such
as high denition TV, this approach has the added benet that the UWB
transmission equipment can be localized in a central oce, thereby dis-
i
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Figure 1.2: Digital UWB receiver
tributing costs among many users. However, the realization of these UWB
benets faces the challenge of low-complexity high-performance receiver
schemes where clock synchronization constitutes the major issue due to the
low-power UWB transmit waveforms [21,22].
In PAPERS 11 and 12, we reported successful signal detection and
demodulation of 2 and 3.125 Gb/s photonic impulse radio ultra-wideband
signal over 50 km of ber and wireless transmission over 2.9{3.3-m. I have
contributed to this topic by developing the direct digital detection receiver
for signal demodulation of photonic UWB signals. The schematic structure
of the implemented UWB receiver is shown in Fig. 1.2.
1.3 Optical phase-modulated hybrid ber
wireless networks
The stringent linearity link requirements of a multicarrier transmission
techniques such as orthogonal frequency division multiplexing RoF signal
transmission, are challenging to meet with IM/DD RoF systems [16, 23].
Currently, new research fronts in hybrid access networks are focused on
phase-modulated (PM) links to improve linearity and power receiver sensi-
tivity [24,25].
Coherent optical detection has been demonstrated to perform linear
signal demodulation of millimeter and mm-wave signals encoded onto the
phase of an optical carrier [26{28]. The main advantages oered by co-
herently detected PM RoF systems over traditional IM/DD RoF systems
i
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Figure 1.3: Homodyne phase-diversity receiver. LO: local oscillator; PC: polarization
controller.
are: 1) larger spur-free dynamic range (SFDR) [26,27], 2) higher spectrally
ecient optical data transmission of advanced modulated microwave sig-
nals, 3) larger bandwidth and channel selectivity and 4) lower transmission
signal power requirements [11].
Coherent optical communication emerged 30 years ago to overcome lim-
itations in receiver sensitivity by using local oscillator (LO) with a large
power level. Optical coherent receivers are also applied for narrow optical
ltering of closely spaced WDM channels in WDM-PON systems and opti-
cal phase signal detection to increase data transmission capacity [29]. The
rst demonstration of digital carrier-phase estimation in 2005 [30] opened
a new stage in optical communication systems integrating high-speed DSP-
based modules and coherent receivers [31,32]. In PM RoF systems the role
of the DSP-based coherent receiver is to reconstruct the transmitted mi-
crowave signal from the phase of the received optical carrier and perform
the subsequent signal demodulation.
The main advantages that digital photonic receivers can oer compared
to the traditional optical signal demodulation techniques include [33]: 1)
cost eectiveness and compactness [34, 35], 2) adaptive compensation of
channel impairments in the electronic domain using signal processing tech-
niques [36], and 3) design versatility and robust operation by enabling re-
ception of dierent formats using the same receiver hardware [37{43].
i
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1.4 DSP algorithms for optical PM hybrid ber
wireless links
DSP algorithms for optical coherent communication systems can be grouped
into two classes: 1) digital ltering for optical transmission impairment
monitoring and compensation and 2) transmitter-receiver synchronization.
DSP functions for transmitter-receiver synchronization can be further clas-
sied in four subgroups: 1) timing recovery, 2) carrier recovery parame-
ters [37{43] and 3) decoding and symbol estimation.
Algorithms for optical transmission impairments monitoring groups al-
gorithms for linear estimation and compensation of most of the optical
linear transmission impairments such as chromatic dispersion (CD), higher
order polarization mode dispersion (PMD) and polarization dependent loss
(PDL) among others in the digital domain. This class of algorithms is
based on nite-impulse response (FIR) realizations [44], as well as adaptive
digital equalization to compensate time varying impairments such as the
state of polarization and polarization mode dispersion (PMD) [45,46].
New techniques for linear estimation of signal transmission impairments
based on digital coherent receivers are currently receiving the attention
of the optical communication community. The target of such techniques,
known as optical performance monitoring (OPM), is to provide information
for signal quality estimation, fault localization and system diagnosis to per-
form dynamic and future impairment-aware routing in the levels of network
management and network control [47,48]. In this PhD thesis, I present the
results of numerical investigations of the use of a special type of sequences
belonging to the class of poly-phase sequences called CAZAC (constant-
amplitude zero-autocorrelation) for data-aided optical channel estimation.
The new method for OPM based on CAZAC sequences is presented in
chapter 2.
1.4.1 The digital coherent receiver for PM RoF links
Fig. 1.4 shows the block diagram of a digital coherent receiver for PM RoF
systems. The rst two blocks of the digital coherent receiver transfer the
full optical eld to the electrical domain. Once detected, photocurrents are
digitized using a digital sampling oscilloscope (DSO) and the third block
then uses a carrier-recovery digital phase-locked loop (PLL) [28] to remove
the optical frequency/phase oset between the tunable local oscillator and
the incoming optical carrier recovery. Next, a linear signal demodulation
i
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Figure 1.4: Digital coherent receiver for PM RoF systems.
[28] is implemented to recover the encoded RF signal from the phase of
the optical carrier. In the RF domain, RF frequency down-conversion and
the subsequent timing recovery are performed in the digital domain. RF
frequency and phase oset compensation perform signal conditioning before
signal demodulation.
1.4.2 Beyond the state-of-the-art on PM RoF links
Recently, our group has reported experimental transmission records on
maximum bit rate (4 Gb/s) and maximum RF carrier frequency (40 GHz)
[49] for DSP-based coherently detected phase-modulated RoF links.
I have extended on the state of the art on hybrid ber wireless sys-
tems by experimentally demonstrating unied support for signal detection
on highly heterogeneous next generation metro-access networks. PAPER
8 reported on the rst validation of a recongurable digital coherent re-
ceiver operating in a real-world test including 78 km of installed optical
ber, which was part of a Danish commercial optical ber communications
network. The novel concept of a recongurable digital photonic receiver in-
tegrating the benets of coherent detection and digital signal processing was
tested in a wavelength-division-multiplexing (WDM) scenario composed of
four signals from dierent optical access technologies. The heterogeneous
metro access network was composed of the following subsystems:
1. 5 Gbps directly modulated vertical cavity surface emitting laser (VC-
i
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Figure 1.5: Experiment layout of the heterogeneous optical network reported in PAPER
8, showing optical and electrical RF spectra at key points; route of installed optical ber
are also shown. Recongurable receiver construction allows local oscillator (LO) tuning
for channel selection. PPG: pulse pattern generator; ArbWave: arbitrary waveform;
VSG: vector signal generator.
SEL).
2. Baseband 20 Gbps non-return-to-zero quadrature phase-shift keying
(NRZ-QPSK).
3. Optically phase-modulated 2 Gbps impulse radio ultrawideband (IR-
UWB).
4. optically phase-modulated 5 GHz OFDM radio-over-ber.
PAPER 8 is currently nominated as a nalist in the 2011 Corning Out-
standing Student Paper Competition in the Optical Fiber Communication
Conference and Exposition and the National Fiber Optic Engineers Con-
ference (OFC/NFOEC 2011). The novel concept on recongurable digital
coherent receivers has the potential to enable signal detection and demod-
ulation on the expected highly heterogeneous next generation metro-access
networks. Fig. 1.5 shows a block diagram of the heterogeneous optical
network and setup used in the experiment.
Nevertheless, the capabilities of the use of DSP in RoF systems can
be extended to perform time-varying operations such as adaptive signal
parameters estimation supported by pattern recognition techniques [50].
i
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1.5 DSP-based signal parameters estimation
This PhD thesis contributes to the topic of adaptive signal parameters
estimation in PM RoF systems by applying a clustering technique called the
k-means algorithm [51]. The novel recongurable digital coherent receiver
integrates functional operations for carrier phase recovery, carrier frequency
compensation and automatic modulation format detection based on a single
clustering approach on the constellation diagram. The proposed signal
parameters estimation approach adds design versatility of digital receivers
as well as exibility and robustness to phase-modulated radio-over-ber
systems for signal demodulation in scenarios with mixed formats and mixed
bit-rates.
Since phase-modulated radio-over-ber systems have the information
encoded into the phase of the RF carrier which then modulates the phase
of the optical carrier, DSP-based signal parameters estimation in phase-
modulated radio-over-ber systems are divided into two stages: optical
and RF signal parameters estimation.
Signal parameters estimation includes carrier frequency and phase oset
estimation and compensation. Optical carrier frequency and phase oset
are mainly caused by the phase noise which is the major impairment in
coherent optical communications [38, 40]. To compensate the optical fre-
quency/phase mismatch between the local oscillator (LO) and the optical
carrier, a digital phase-locked-loop (DPLL) is implemented [28] at he rst
stage of the signal parameters estimation process.
In the RF domain, carrier phase and frequency oset are caused by
two facts: residual uncompensated optical frequency oset by the DPLL
at the rst stage of the signal parameters estimation process and the phase
mismatch between the extracted RF data signal from the phase of the
optical carrier by the linear demodulator and the digital local carrier used
for RF frequency down-conversion at the receiver.
Fig. 1.6 illustrates the eect of frequency and phase oset on a schematic
QPSK constellation diagram. Frequency oset is represented as time-
varying rotations of the constellation diagram. In phase-modulated radio-
over-ber links, the frequency oset comes from the limitation of the DPLL
to track values in the range of kHz due to the very high computational
cost required by numerical methods to increase the resolution of the spec-
tral analysis of the signal. Signal demodulation cannot be achieved in the
presence of RF frequency oset since data-symbols are continuously rotat-
ing on the constellation diagram. Assuming perfect RF frequency oset
i
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Figure 1.6: Schematic diagram of an impaired QPSK constellation.
compensation; RF phase oset is represented as constant rotations of the
constellation diagram.
Since the angular frequency dierence between the optical local oscilla-
tor and the optical carrier signal varies slowly in a real transmission system,
frequency oset can be estimated readily by existing methods [43,52]. The
best possible estimate of the carrier phase that can be made given the
recovered data symbols is achieved by the maximum a posteriori (MAP)
estimate [38, 40]. Carrier phase estimation based on the MAP solution
nds the set of signal parameters which maximize the conditional probabil-
ity density function of the received data signal [38,40]. However, this joint
maximization problem does not yield a closed-form solution. Several phase
estimation (PE) methods based on feedback and feedforward architectures
have been recently proposed and demonstrated having the MAP phase es-
timation as a baseline for estimation performance evaluation [37{43].
On the other hand, automatic signal modulation format detection has
started to be addressed by the research community on signal processing
and the wireless communication community [53{56]. Automatic modula-
tion format detection (AMFD) can be described as a statistical process to
estimate the modulation format of an unknown signal based on a set of mul-
tiple hypothetical modulation formats with a certain probability of success
in a short observation time. A variety of techniques have been proposed
for AMFD in wireless systems such as higher-order moments, fuzzy logic,
counting, and wavelengths techniques. The application of existing AMFD
techniques to hybrid ber wireless systems has not been reported to date.
i
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The heterogeneous environment of future hybrid ber wireless networks
has brought a new set of challenges to be faced by the next generation
of adaptive algorithms for signal parameter estimation and demodulation.
Such challenges include: recongurable approaches for signal parameters
estimation on time-varying transmission settings, and modular DSP algo-
rithms for feasible implementation on digital parallel processors. The most
recent advances on signal parameters estimation for optical communications
systems are presented below.
1.6 State-of-the-art
In general, feedforward-based phase estimation (PE) methods are preferred
due to the fact that digital processors in the coherent receivers are very
likely to have a parallel structure. Because of the inherent loop delay in
feedback-based PE methods such as the PLL solution, the performance
of feedforward architectures is usually higher than PE methods based on
feedback structures [57,58].
Most feedforward PE methods estimate the carrier phase separately
from the received data sequence in order to minimize computation re-
sources. One way to achieve carrier-phase/data-symbol estimation sepa-
rately is to remove the eect of data modulation by raising the signal to
the M -th power, where M is equal to the order of the modulation format.
This method is widely known as the Viterbi- and-Viterbi (V-V) algorithm
or the power-law algorithm [39]. The V-V method simply averages over M -
th powered symbols to estimate the carrier phase, under the assumption
that the carrier phase would remain constant within the average duration.
However, this basic assumption is not always satised in real transmissions,
for instance, when there is frequency oset between the optical carrier and
the local oscillator [59]. Moreover, aside from its complexity for higher
order modulation formats, additional modications on the V-V algorithm
are required in order to be extended to quadrature amplitude modulated
(QAM) signals [60{63]. In general, carrier PE based on the law-power
method has the disadvantage that it suers from cycle slips even when the
phase noise is low [40].
Other carrier PE algorithms have been proposed by employing the
Wiener lter [38, 64] and a modication of the Kalman lter [65] to com-
plement the V-V algorithm. Even though the combined power-law/Wiener
PE method provides good phase estimation, it may not be suitable for im-
plementation in a digital parallel architecture due to feedback-loops present
i
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in the ltering processing. In addition, knowledge of the statistics of the
phase noise and the additive noise is required to design the lters. Such
requirements may be impractical, especially in a recongurable optical sys-
tem [66]. Decision-aided (DA) carrier PE has recently been proposed to
avoid the need to know the statistics of the system noise [66]. However,
the method requires additional synchronization stages since a known data
training sequence is needed to start the carrier phase estimation process.
The requirement of a training data symbol as well as feedback loops inside
the architecture may also be impractical for real-time realizations.
In conclusion, although all reported carrier PE approaches show suc-
cessful signal PE estimation in static environments (e.g. QPSK data trans-
mission), investigations on carrier PE approaches in time-varying trans-
mission settings such as mixed modulation formats and bit rates have not
been reported to date. PAPERS 2-7 report a exible solution capable
of extracting knowledge from the signal and tracking dynamic variations
of transmission settings such as modulation format and bit rate. The pro-
posed methodology for signal parameters estimation is based on clustering
operations over data-symbols on the constellation diagram.
1.7 Beyond the state of the art
The best solution to the problem of data-signal phase estimation is achieved
by the method of MAP estimation, maximizing a conditional joint proba-
bility density function (pdf) of the received data-signal yk.
The received data-signal yk can be represented as follows:
yk = xke
jk + nk (1.1)
where xk is a complex-valued symbol transmitted at the k -th symbol
period, k is the carrier phase and nk is the additive white Gaussian noise
(AWGN) which includes local oscillator (LO) spontaneous beat noise as
well as shot and thermal noises produced by the receiver. The AWGN is
assumed with zero mean and variance N0=2 per dimension.
To estimate the carrier phase k, the conditional joint pdf of the received
data-signal yk to be maximized is given by:
p(ykjxk; k) = 1
N0
exp
0B@ 
yk   xkejk 2
N0
1CA (1.2)
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Since xk and k are independent, the MAP estimates of the transmitted
symbol and the carrier phase are:
(x^k; ^k) = max
xk;k
p(ykjxk; k)p(xk)p(k) (1.3)
One method of evaluating 1.3 is to discretize phase to a set of values []
and then compute the cost function 1.3 for dierent pairs of (xm; [k]); the
pair that maximize 1.3 will be the MAP estimate.
This approach is computationally expensive specially for dense modu-
lation formats like 16-QAM and unsuitable for high-bit-rate systems. Ad-
ditionally, all reported phase estimation algorithms based on MAP or max-
imum likelihood approaches at the receiver side assume an a priori knowl-
edge about the nite modulation alphabet used for signal modulation at
the transmitter. Furthermore, the evaluation of 1.3 on each single data-
symbol yk to estimate the phase parameter k make dicult the tracking
of time-varying transmission settings such as signal modulation format on
heterogeneous environments or dynamic eects on the constellation dia-
gram such as continuous rotations of data-symbols yk because of residual
frequency oset between the LO and the optical carrier at the coherent
receiver.
Instead of data signal parameters estimation based on MAP or max-
imum likehood estimation, we show that by characterizing the received
data-signal yk represented on its two-dimensional constellation diagram,
the problem of data-signal parameters estimation on time-varying transmis-
sion settings and dynamic system impairments become a two-dimensional
clustering problem. This clustering-based data signal parameters estima-
tion leads to a simplication of the estimation process itself and allows to
take into account at the same time parameters estimation which usually
would have to be considered separately such as phase, frequency and signal
modulation format estimation.
The main principle is to deal directly with the estimation of two param-
eters after the clustering process on the constellation diagram: the number
of estimated symbols and the coordinates of those estimated. Data signal
phase and frequency oset estimation as well as signal modulation format
detection are then easily derived from the number of estimated clusters and
the coordinates of such estimated clusters on the constellation diagram.
PAPERS 2-7 report how to perform phase and frequency estimation as
well as signal modulation format detection after a clustering process on
the constellation diagram. Fig. 1.7 shows an schematic description of the
i
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Figure 1.7: Carrier phase recovery based on the k-means algorithm.
proposed clustering-based signal parameters estimation on a QPSK con-
stellation diagram.
1.7.1 The k-means clustering algorithm
An iterative clustering algorithm called the k-means [51] can be applied
to the two-dimensional data-symbols mapped into the constellation dia-
gram for signal parameters estimation purposes [67]. Signal parameters
estimation approaches based on the k-means algorithm can be classied as
a special type of feedforward data-aided (DA) method since data-symbols
carrying information are always present in the estimation process. How-
ever, training sequences are not required since the clustering algorithm is
applied directly on the constellation diagram.
Advantages introduced by the carrier recovery approach based on the
k-means algorithm over classical carrier parameters estimation methods
are:
 Easy software reconguration: the principle of operation for car-
rier recovery can be extended to dierent modulation formats.
 Feasible real time implementation: the feedforward structure of
the carrier recovery based on the k-means algorithm allows implemen-
tation in parallel digital modules. Additionally, no complex M-power
operations are required.
 Multi-operational signal demodulation: since the k-means al-
gorithm is a DA method, statistical values over data-symbols such
i
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as variances, means and relations among them allow additional oper-
ations to carrier recovery. Frequency-oset compensation and auto-
matic modulation format detection can be performed in addition to
phase-oset estimation and compensation.
Applications of the k-means algorithm for carrier phase and frequency
oset compensation are reported inPAPERS 2-6. Paper 7 reports the in-
tegration of an automatic modulation format detection (AMFD) module to
the recongurable carrier phase recovery approach proposed in PAPERS
2, 3, 4 and 5. The automatic modulation format detection operation
is based on metrics of symmetry in the constellation diagram as well as
metrics derived from the histogram of the signal.
1.7.2 Automatic modulation format detection
Fig. 1.8 shows a schematic diagram of the automatic modulation for-
mat detection (AMFD) function based on our proposed recongurable
signal phase estimation approach. A total amount of N data-symbols
 = fx1; x2; :::; xNg enter the AMFD module. AMFD is based on the
statistical analysis of the signal and will provide the updating information
to the carrier recovery module for subsequent demodulation. A rst step is
the estimation of the number of clusters (or expected m-PSK/QAM com-
plex symbols) on the 2D constellation diagram as well as the number of
levels on the histogram (hypothesis stage). The operation of nding the
number of clusters is achieved by the k-means clustering algorithm on the
constellation diagram. After features extraction from the histogram and
the clustering process, a testing stage based on rules follows.
Rules for AMFD are derived according to modulation type character-
istics and stored on a knowledge database. The two criteria to be judge
for AMFD are the number of levels on the magnitude histogram of vectors
formed by the complex data symbols, and the number of clusters on the
constellation diagram. In the case of classication between QAM and PSK
signals, AMFD is based on the number of levels detected on the histogram
(rst rule).
For AMFD among m-PSKmodulation formats, a condition of symmetry
must be satised after clustering operation on the constellation diagram.
If the condition is not satised, the initial state of the k-means algorithm
(the number of expected clusters to be found) is varied. This k-means re-
initialization plays the role of the learning process in our digital receiver
and it will go through all possible formats in the knowledge database until
i
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Figure 1.8: Schematic diagram of the automatic modulation format detection module.
successful detection is achieved. Successful automatic modulation format
detection is achieved when the symmetry condition is satised for the num-
ber of clusters found on the constellation.
The symmetry condition: for complex constant modulus m-PSK
symbols, a metric of symmetry (s) dened as the statistical variance of a
vector composed of distances between expected m-PSK symbols and their
closest expected neighbors on the constellation diagram (see Fig. 1.9) is
proposed. AMFD among m-PSK signals is an iterative process of clustering
followed by an evaluation of the symmetry condition over all possible for-
mats in the knowledge database. Successful AMFD (true format detection)
is achieved for the smallest s value after clustering.
The proposed automatic modulation format detection (AMFD) was
experimentally demonstrated for optical phase-modulated radio-over-ber
links transporting burst mode mixed modulation formats (QPSK, 8PSK
and 16QAM) in Paper 7.
AMFD was implemented as a sliding time-window. Fig. 1.10 shows the
performance of the AMFD module as a function of the number of complex
m-PSK data samples (DS) required to satisfy the symmetry condition for
"true QPSK detection" for two dierent values of optical signal-to-noise ra-
tio (OSNR). Both curves varies between values of symmetry of 1 3 and 4 3
i
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Figure 1.9: Schematic illustration of the proposed symmetry condition for m-PSK
signal detection.
after 100 data samples and reaches a stable state after 200 data samples.
We also observe in Fig. 1.10 that for the case of true detection, the highest
value achieved is below 7 3. Moreover, for the case of wrong QPSK de-
tection (the expected modulation format by the MFD module was 8PSK),
Fig. 1.10 (inset) shows that the value of symmetry is around 18 3. The
threshold is dened for values between 1 3 and 3 3. In the experiment
reported in PAPER 5, successful classication is achieved after 30 data
samples for an OSNR of 24 dB. The proposed self-congurable burst-mode
digital receiver shows prospect for next generation access networks due its
adaptability, exibility and fast format detection.
1.8 Main contributions and outline of the thesis
This thesis is based on a set of articles submitted for publication, arti-
cles already published in journals, and conference proceedings. This thesis
presents results obtained during the course of my doctoral studies into the
design and experimental validation of digital photonic receivers for wireless
and wireline optical bre transmission links. The implemented recong-
urable digital receiver enables reception of dierent formats and mixed bit
rates using the same software-platform.
i
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Figure 1.10: Modulation format detection performance as a function of the number
of date samples for two dierent values of OSNR. Inset: thresholding operation for true
and wrong QPSK detection.
PAPER 1 presents the rst known integration of a digital receiver into
optically envelope detected RoF systems. I have expanded on the state of
the art in signal demodulation of optical envelope detected systems by de-
signing and integrating a recongurable digital receiver into this type of
system. The digital receiver consists of a recongurable scheme for two
dierent types of optical envelope detected wireless signals, while keeping
the complexity of used optical components low. Experimental validations
on both 416.6 Mbit/s HC-BPSK and 104.17 Mbit/s MSK radio-frequency
modulated signals after 30 km of ber transmission demonstrate successful
performance of the proposed recongurable digital receiver.
In PAPERS 2 and 3, I report a novel carrier phase recovery ap-
proach based on the k-means clustering algorithm for quadrature phase-
shift-keying (QPSK) signals. We expand on the state of the art on the
design of digital coherent receivers phase-modulated RoF signals by de-
signing a simple and exible signal phase estimation technique based on
the k-means algorithm. The proposed clustering-based phase estimation
approach can be additionally extended to other signal demodulation func-
tions such as signal frequency oset compensation and automatic modu-
lation format detection over the same software-platform. The principle is
i
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experimentally validated on a wavelength division multiplexed (WDM) 2.5
Gbit/s QPSK phase-modulated RoF system, resulting in the highest bit
rate reported before 2009 for that kind of systems.
PAPERS 4 and 5 present the extension of the proposed carrier phase
recovery approach inPAPERS 2 and 3 to 8PSK and quadrature-amplitude-
modulated (QAM) signals. The recongurable scheme is introduced based
on metrics derived from the constellation diagram and is robust to signal
power level variations. Experimental validations on three, 50 Mbaud, 8PSK
subcarrier multiplexed signals and a 312.5 Mbaud, 16QAM single carrier
after 40 km single mode ber transmission conrm the robustness and sim-
plicity of the proposed approach.
In PAPER 6, I present a joint frequency/phase oset compensation
approach based on the k-means algorithm. The proposed scheme is based
on iterative phase-oset compensation on consecutive time-blocks of the
data-signal. Experimental validations on 312.5 Mbaud 8PSK RoF signal
after 40 km of optical transmission show successful compensation up to a
value of 30 khz of frequency oset.
In PAPER 7, I report for the rst time on phase-modulated RoF sys-
tems, a digital module for automatic modulation format detection (AMFD)
integrated to the recongurable RF carrier phase recovery approach pro-
posed in PAPERS 2, 3, 4 and 5. The automatic modulation format
detection operation is based on metrics of symmetry in the constellation
diagram as well as metrics derived from the histogram of the data-signal.
Experimental validations of the recongurable digital receiver are carried
out for bursts of mixed modulation formats at 312.5 Mbaud QPSK, 8PSK
and 16QAM data payloads.
PAPER 8 reports an assessment of the performance of a recongurable
digital coherent receiver operating in a real-world test including 78 km of
installed optical ber, which was part of a Danish commercial optical com-
munications network. We have extended on the state of the art on hybrid
ber wireless systems by experimentally demonstrating unied support for
signal detection on highly heterogeneous next generation metro-access net-
works. To test the novel concept of the single recongurable digital coherent
receiver, four signals from dierent optical access technologies were WDM
multiplexed onto the same ber. The heterogeneous metro access network
i
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was composed of the following subsystems: 1) 5 Gbps directly modulated
vertical cavity surface emitting laser (VCSEL). 2) Baseband 20 Gbps non-
return-to-zero quadrature phase-shift keying (NRZ-QPSK). 3) Optically
phase-modulated 2 Gbps impulse radio ultrawideband (IR-UWB) and 4)
optically phase-modulated 5 GHz OFDM radio-over-ber. The experimen-
tally demonstrated digital recongurable coherent receiver has the potential
to enable unied support for signal detection on highly heterogeneous next
generation metro- access networks.
In PAPER 9 we demonstrate successful digital coherent demodulation
of asynchronous optical PM adaptive order QAM (4, 16 and 64) OFDM
signals by using a single recongurable digital receiver after 78 km of de-
ployed optical ber.
In PAPER 10 we investigate on the impact of ber dispersion on
the performance of optical phase modulated impulse radio-ultra-wideband
(IR-UWB) signals. 2Gbps BPSK IR-UWB over 78km ber transmission is
successfully achieved by using digital coherent detection.
This thesis is composed of two more chapters. Chapter 2 reports a
novel optical performance monitoring technique based on a special type of
poly-phase sequences called CAZAC sequences. A brief state of the art in
OPM as well as numerical investigations on CD and PMD estimation are
also presented in Chapter 2. Finally, concluding remarks are presented in
chapter 3.
i
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Chapter 2
Data-aided DSP algorithms
for optical performance
monitoring
Toward dynamically recongurable all-optical networks, optical performance
monitoring (OPM) enables dynamic and future impairment-aware routing
by providing information for signal quality estimation, fault localization
and system diagnosis [47,68{70]. Recent advances in coherent detection in
combination with electronic signal processing have shown the feasibility of
estimating and compensating most of the optical transmission impairments
such as chromatic dispersion (CD), higher order polarization mode disper-
sion (PMD) and polarization dependent loss (PDL) among others in the
digital domain [47,48].
OPM exploits the fact of having the estimated inverse optical channel
response related to the lter impulse response at the digital coherent re-
ceiver given an optimum adaptation process for the FIR equalizer. Hence,
in principle, all linear channel distortions contributing to the total channel
response can be compensated without any additional device to the equal-
izer.
A wide range of approaches are used for optical channel estimation. The
non-data-aided (NDA) approach oers the possibility to increase the band-
width eciency since no preamble is used whereas the data-aided (DA)
algorithm oers high parameter estimation accuracy at the cost of slight
bandwidth eciency degradation when dealing with slowly varying syn-
chronization parameters. Recently, several OPM strategies based on NDA
approaches have been reported in the literature [69]. In this chapter, we
23
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24 Data-aided DSP algorithms for optical performance monitoring
present the results of numerical investigations of the use of a special type
of sequences belonging to the class of poly-phase sequences called CAZAC
(constant-amplitude zero-autocorrelation) for DA optical channel estima-
tion. To overcome the limitations on the number of lter taps in time
domain and the subsequent low resolution in the frequency domain for CD
and PMD estimation, we estimate directly in the frequency domain the in-
verse channel transfer function by applying the zero-forcing (ZF) principle.
In summary, we have contributed to the state of the art in OPM by
designing a DA approach in the frequency domain for optical channel es-
timation, independent of memory lengths and update algorithms for FIR
lter taps convergence. Section 2.1 introduces the optical channel model
and the zero-forcing equalizer. Section 2.2 presents the DA channel estima-
tion based on the CAZAC sequence. Section 2.3 discusses results obtained
along the investigation.
2.1 Channel model and the zero-forcing (ZF)
equalizer
In general, the transmitter sends complex valued signals:
s(f) = [sX(f); sY (f)]
T (2.1)
on both X and Y polarizations. The optical channel cross-couples in-
formation between both polarizations, which can be described by:
r(f) = H(f)s(f)+n(f) =
 
HXX(f) HY X(f)
HXY (f) HY Y (f)
! 
sX(f)
sY (f)
!
+
 
nX(f)
nY (f)
!
(2.2)
The linear channel transfer matrix is composed of the transfer function
D(f) and Ei concatenated elements and Ui(f), accounting for PDL and
higher order PMD, as in
H(f) = D(f)
NY
i=1
Ei Ui(f) (2.3)
The PMD matrices:
Ui(f) =
 
ui(f) vi(f)
 vi (f) ui (f)
!
(2.4)
i
i
\main_NGGO" | 2011/2/14 | 22:22 | page 25 | #45 i
i
i
i
i
i
2.1 Channel model and the zero-forcing (ZF) equalizer 25
=
 
ej('i+2fi)=2 0
0 e j('i+2fi)=2
! 
cosi sini
  sini cosi
!
induce a phase shift 'i and a DGD i between the two orthogonal fast
and slow axes of the birefringent element. The angle between the slow and
the polarization state of sX is i. The instantaneous DGD h(f)i denes
the average over the DGD spectrum (f). Individual realizations (f; t) fol-
low a Maxwellian distribution with mean value h(f; t)i = p8=(3)DppN ,
given a PMD parameter Dp in [ps=
p
Km]. The Hermitian PDL elements:
Ei =
 
1 0
0 ki
!
(2.5)
attenuate one polarization relative to the other with attenuation fac-
tor 0 < ki < 1 and PDLi[dB] =  20lok(ki). Analogous to PMD, the
instantaneous PDL that depends on rotation angles i is Maxwellian dis-
tributed around a mean value hPDL(t)[dB]i = p8=(3)DPDLpN for PDL
parameter DPDL[dB=
p
Km]. The linear transfer function:
D(f) = HCD(f)HAF (f) (2.6)
Contains the all-pass transfer function:
HCD(f) = exp(jf
2 ) (2.7)
With  =  CD2=c responsible for residual CD and an amplitude
lter (AF) function HAF (f) with a linear phase accounting for any band-
pass ltering during transmission or LP ltering after demodulation in the
receiver.
2.1.1 The zero-forcing (ZF) equalizer
Meeting channel requirements, the ltering is described by:
z(f) = W (f)r(f) =
 
WXX(f) WY X(f)
WXY (f) WY Y (f)
! 
rX(f)
rY (f)
!
(2.8)
With the ltering function W (f) and the ltered signal:
z(f) = [zX(f); zY (f)]
T (2.9)
i
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Provided that the channel memory does not exceed the equalizer mem-
ory length, the lter adapts to the ZF solution:
W (f) = H 1(f) (2.10)
Which is an optimum solution regarding parameter extraction for opti-
cal performance monitoring (OPM). However, inverting the AF component
that typically follows a low-pass characteristic H 1AF (f) strongly enhances
noise in the regions of the stop band of HAF (f). With the ZF assumption
equation evolves into:
W (f) = H 1(f) = D 1(f)
1Y
i=N; 1
U 1i (f) E
 1
i (2.11)
By inverting equation with the aid of individual properties described
in equations ?? , we can now separate the components for extracting the
desired parameters. Although the inverse of each element D(f), Ei and
Ui(f) can be calculated easily; a general description with a large number of
PDL and PMD elements cannot be obtained. However, due to the unitary
nature of the PMD matrices Ui(f) , the square root of the determinant of
W (f) becomes:
q
det( W (f)) =
0@D 2(f) 1Y
i=N; 1
det( U 1i (f)) det( E
 1
i )
1A1=2 (2.12)
= D 1(f)
NY
i=1
(ki)
1=2
which eliminates the PMD contributions. Given than the amplitude
lter H 1AF (f) has a linear phase in the transmission band, the phase:
arg(H^ 1CD) = arg(
q
det( W (f))) =  f2 (2.13)
only depends on the quadratic transfer function imposed by CD. In
contrast, the amplitude transfer function:
H^PDL(f) =
qdet( W (f)) = jHAF (f)j 1 NY
i=1
(ki)
 1=2 (2.14)
i
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clearly becomes a function of the PDL attenuation. Normalizing W (f)
by the square root of its determinant, we obtain:
WUE(f) =
W (f)q
det( W (f))
(2.15)
=
1Y
i=N; 1
 
ui (f)  vi(f)
vi (f) ui(f)
! 
k
1=2
i 0
0 k
 1=2
i
!
=
 
uI(f) vI(f)
vII(f) uII(f)
!
A reliable DGD estimation can be achieved after two steps. In a rst
step, the derivative of the matrix elements uI(f), uII(f), vI(f) and vII(f)
of WUE(f) with respect to the angular frequency indexed by ! are esti-
mated. Then, equation 2.16 is applied to cancel PDL contributions for
further DGD mean value estimation:
estimated(f) = 2
q
uI;!(f)uII;!(f)  vII;!(f)vII;!(f) (2.16)
The estimation of the mean value over the DGD spectrum hestimated(f)i
is limited to a certain bandwidth.
2.2 Data-aided channel estimation based on
CAZAC sequence
Prior to parameter estimation the channel transfer function 2.1.1 has to
be obtained. In general, the training sequence for the 2x2 multi-input
multi-output (MIMO) system can be composed of four independent blocks
CTx;X ; CTx;Y ; NSTx;X ; NSTx;Y . The training sequence is repeated regu-
larly, as shown in Fig. 2.2. We choose CAZAC sequences, which provide
optimum framing synchronization.
The CAZAC is a complex-valued phase-noise (PN) sequence with a
constant amplitude and periodic zero-autocorrelation [71]. The discrete
CAZAC is dened as follows:
c[n] =
(
exp(jKcn
2=Lc); Lc : even
exp(jKc(n  1)2=Lc); Lc : odd (2.17)
where Lc denotes the number of samples per CAZAC and Kc is a con-
stant integer. The discrete CAZAC sequence has constant amplitude and
i
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Figure 2.1: System model of PDM-DQPSK optical transmission with coherent de-
tection. PBS=polarization beam splitter; PBC=polarization beam combiner; LO=local
oscillator; ADC=analog to digital converter.
the sample values are on the unit circle. The CAZAC sequence is addition-
ally zero-mean. To demonstrated CD and DGD estimation, we simulate
a 112 Gb/s polarization multiplexed (POLMUX) dierential quadrature
phase-shift keying (DQPSK) transmission over a wide range of random
channel parameters. Fig. 2.1 shows the system model of the POLMUX-
DQPSK transmission used to demonstrate CD and DGD parameter esti-
mation based on CAZAC sequences and the zero-forcing criteria. At the
receiver, after the polarization-diverse 90o hybrid, an analog-to-digital con-
verter (ADC) stage digitizes the received signal at 2 samples per symbol.
In order to separate the signal components transmitted by the two prin-
cipal states of polarization (PSP), an accurate knowledge of the multiple-
input multiple-output (MIMO) channel is necessary. The MIMO signal
processing could be performed as soon as the MIMO channel impulse re-
sponse is known. To achieve that, the training sequences at the dierent
transmit polarization should be time orthogonal by transmitting only one
CAZAC sequence at one polarization state whereas no signal is transmit-
ted by the other polarization state (see Fig. 2.2). Since this scheme is not
ecient in terms of bandwidth eciency because of the introduction of a
guard interval every time before the CAZAC sequence is transmitted; we
propose as a future work to investigate a second concept based on the per-
fect autocorrelation characteristics of the CAZAC sequence. For now, we
demonstrate in this work a successful chromatic dispersion (CD) and dif-
ferential group delay (DGD) estimation by using zero-forcing (ZF) channel
estimation having CAZAC sequences as a training sequence.
i
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Figure 2.2: Schematic diagram of the transmitted and received training sequences for
both polarizations to estimate the MIMO optical channel.
In order to estimate the optical channel, a training sequence of length
2n is divided into two sub-sequences and sent it respectively over the two
polarizations X and Y . One of the transmitted sub-sequences is a CAZAC
sequence of length n ( CTx;X(t) for polarization X) which is allocated in
orthogonal time-slots from polarization to polarization (see the red-block
in Fig. 2.2). The other transmitted sub-sequence is a non-signal (NS)
sequence of length n (NSTx;X(t) for polarization X). The four MIMO
components of the inverse channel transfer function WZF (f) can be esti-
mated applying the zero-forcing criteria to calculate the relations shown in
equation 2.18.
WZF (f) =
 
Wxx(f) Wyx(f)
Wxy(f) Wyy(f)
!
=
0@ CRx;X(f)CTx;X(f) NSRx;X(f)CTx;Y (f)
NSRx;Y (f)
CTx;X(f)
CRx;Y (f)
CTx;Y (f)
1A (2.18)
The received CAZAC and NS sub-sequences can be described as:
CRx;X(t) = CTx;X(t) + (t)
NSRx;X(t) = NSTx;X(t) + (t)
(2.19)
where the term (t) represents the additive noise involved in the whole
transmission system.
2.2.1 Chromatic dispersion estimation
To estimate  and the residual CD from equation 2.19, it is rstly dened
the function Z(f) as:
Z(f) =
q
det( WZF (f)) (2.20)
i
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Figure 2.3: Phase transfer function of Z(f) after MIMO channel estimation based
on the CAZAC sequence and the estimated CD dispersion function by the quadratic
function.
The phase transfer function H^ 1CD can be estimated with a quadratic
t after unwrapping the pi  ambiguity from the phase transfer function
of Z(f). Fig. 2.3 shows the noisy parabolic function calculated from the
phase transfer function of Z(f) and the subsequent estimated phase transfer
function H^ 1CD after the quadratic t. In this case, we have transmitted a
CAZAC sequence of length equal to 512 taps with 2 samples per symbol
(1024 taps of resolution in frequency domain).
2.2.2 Polarization eects estimation (DGD and PMD
Within the polarization eects, this work is focused on the mean value of
DGD. Since such eect varies over time, the instantaneous value is of high
interest to monitor the transients. Depending on the signal bandwidth and
the mean DGD in the link, several orders of PMD can be present. The
DGD is the magnitude of the rst-order derivative of the PMD vector and
fully describes all statistical properties of the all-order PMD [68], [47]. A
reliable DGD estimation can be achieved by averaging the DGD spectrum
over a certain bandwidth as it is shown in Fig. 2.4. equations and describe
mathematical operations required to cancel CD and PDL contributions for
DGD estimation.
i
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Figure 2.4: Illustration of the range of integration over a DGD spectrum for estimation
of h(f)i.
WUE(f) =
WZF (f)
Z(f)
(2.21)
=
1Y
i=N; 1
 
ui (f)  vi(f)
vi (f) ui(f)
! 
k
1=2
i 0
0 k
 1=2
i
!
=
 
uI(f) vI(f)
vII(f) uII(f)
!
estimated(f) = 2
q
uI;!(f)uII;!(f)  vII;!(f)vII;!(f) (2.22)
Fig. 2.4 shows a DGD spectrum for an inverse channel transfer function.
A CAZAC sequence of length 128 was used for giving a total resolution of
256 taps for the DGD spectrum (since 2 samples per symbol were imple-
mented for simulating purposes). A mean value of simulated DGD equal
to 22 ps was calculated for a value of optical signal to noise ratio (OSNR)
equal to 50 dB.
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2.3 Results and discussion
2.3.1 Estimation of CD
The CD was estimated for the combination of a randomly given CD ranging
from 0 to 1200 ps/nm in combination with a given mean PDL of 6 dB and
a mean PMD of 25 ps. Fig. 2.5(a) shows the histogram of CD estimation
error after 1000 realizations for three dierent values of OSNR (10 dB, 15
dB and 20 dB of OSNR values), for a given CD range between [0 : +1200]
ps/nm in combination with a given mean PDL of 6 dB and a mean of
all-order order PMD of 25 ps. The CAZAC sequence used for simulations
was of length 128 (which means a resolution of 256 taps in the frequency
domain because of the fact of 2 samples per symbol used for simulations).
On the other hand, Fig. 2.5(b) shows the histogram of CD estimation error
for three dierent scenarios with CAZAC sequences of lengths equal to 128,
256 and 512 taps for a specic OSNR value of 10 dB. In order to evaluate
the performance of the estimator, the statics of the CD estimation have
been evaluated with respect to the deviation of the mean value:
mCD =
1
N
NX
i=1
CDgiven;i   CDestim;i (2.23)
which indicates an oset of the estimation. Furthermore, it has been
dened the deviation CD as:
CD =
vuut 1
N
NX
i=1
(CDgiven;i   CDestim;i)2 (2.24)
Table 2.1 summarizes the mean and deviation values of the estimated
CD parameter applying the quadratic t over the phase transfer function of
Z(f). It can be clearly seen that the worst-case CD estimation error spreads
to 50 ps/nm for an OSNR value of 10 dB. For a given OSNR value of
10 dB, it can be also observed a better accuracy of the CD estimation
process for higher resolution of the phase transfer function of Z(f). Fig.
2.5(b) shows how the oset in the estimation as well as the deviation value
with respect to the estimated mean value are improved when a CAZAC
sequence of length equal to 512 (1024 taps because of the fact of 2 samples
per symbol used for simulation purposes) is used. This behavior is because
higher resolution facilitates more accurate quadratic t approximation of
the CD function. In Fig. 2.5(a) it can be also observed an improvement of
i
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Figure 2.5: Performance evaluation of the CD estimator after 1000 realizations
the CD estimation process for higher values of OSNR when the length of
the CAZAC sequence is xed to 128 taps.
2.3.2 Estimation of PMD
Since the given DGD h(f)i varies for each individual case, we have calcu-
lated the deviation of the mean value as follows:
i
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OSNR (dB) Number of taps mCD CD
10 256 7.5172 50.1325
10 512 4.0048 34.3923
10 1024 2.5240 12.5384
10 256 7.5172 50.1325
15 256 2.7493 20.3875
20 256 2.9101 9.4226
Table 2.1: Summary of mean and deviation values of the CD estimation process for six
dierent simulated scenarios. The rst three rows report the estimation statistics when
an OSNR value is xed and the length of the CAZAC sequence vary. The last three rows
report the estimation statistics when the length of the CAZAC sequence is xed while
the OSNR values vary
mDGD =
1
N
NX
i=1
DGDgiven;i  DGDestim;i (2.25)
and the biased error DGD as:
DGD =
vuut 1
N
NX
i=1
(DGDgiven;i  DGDestim;i)2 (2.26)
The DGD mean value has been estimated for the combination of a given
DGD value ranging from 10 to 35 ps following a Maxwellian distribution
with mean value of 25 ps, in combination with a constant given CD of
1000 ps/nm and an OSNR value of 50 dB. After 1000 realizations, Fig.
2.6(a) shows the histogram of DGD estimation error for three dierent
simulated scenarios with CAZAC sequences of length 128, 256 and 512
taps respectively. In this case, the averaging range to estimate h(f)i has
been xed to the 5 per cent of central taps over the DGD spectrum. It can
be observed how the oset in the estimation increase according to higher
resolution analysis on the spectrum (which it is proportional to the number
of taps used in the CAZAC sequence).
Fig. 2.6 shows how the mean value of the DGD estimation process
is highly sensitive to the range of integration over the DGD spectrum.
However, it is interesting to see the fact of no variation in the deviation of
the estimation process. Fig. 2.6(b) shows the eect on the DGD estimation
when the range of integration varies around the central tap over the DGD
spectrum. The number of taps in the CAZAC sequence has been xed to
i
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Figure 2.6: Performance evaluation of the DGD estimator. The OSNR and CD values
were xed to 50 dB and 1000 ps/nm respectively.
128. It can be observed again the shift of the estimated DGD mean value
while the deviation keeps almost constant. Table 2.2 summarizes the mean
and deviation values of the DGD estimation process illustrated in Fig. 2.4.
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Resolution (tabs) Range of averaging (taps) mDGD DGD
256 16 4.0558 7.5744
256 12 2.3545 7.1209
256 8 0.7863 6.8502
1024 14 -17.9779 7.0947
512 14 -2.6859 7.1412
256 14 3.2632 7.5401
Table 2.2: Summary of mean and deviation values of the DGD estimation process for
six dierent simulated scenarios. The rst three rows report the estimation statistics
when the length of the CAZAC sequence is xed and the range of integration around
the central tap on the DGD spectrum vary. The last three rows report the estimation
statistics when the length of the range of integration is xed and the length of the CAZAC
sequence vary.
2.4 Conclusions
Constant Amplitude Zero Autocorrelation (CAZAC) sequences have been
demonstrated as a promising training sequence candidate for data-aided
optical channel estimation in 112 Gbit/s polarization-diversity coherent
systems. Extensive numerical investigations show accurate chromatic dis-
persion estimation for dierent OSNR conditions including the case for 10
dB. In addition to dierent noisy scenarios, the robustness of the estimation
has been demonstrated over a wide range of combined distortions including
random PMD contributions ranging from 10 to 35 ps and 6 dB of PDL.
Despite of non-data-aided approaches, estimation processes using CAZAC
sequences and the zero-forcing criteria are independent of memory lengths
and update algorithms for FIR lter taps convergence. Additionally, an es-
timation approach of instantaneous dierential group delay parameter has
been demonstrated for high values of OSNR. Therefore, data-aided chan-
nel estimation based on the principle of zero-forcing and using CAZAC
sequences as training sequences, opens the door to accurate and low com-
plexity approaches toward real time implementation of optical performance
monitoring algorithms.
i
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Chapter 3
Conclusions and future work
3.1 Conclusions
This PhD thesis addresses the design and performance evaluation of digital
photonic receivers in hybrid optical ber-wireless- transmission systems.
The research results presented in this thesis are pioneering in two areas:
rst experimental demonstrations of automatic demodulation of signals
with mixed modulation formats and bit rates in a single digital coherent
photonic receiver including baseband and optical phase-modulated (PM)
radio-over-ber (RoF) systems and the rst known analytical and numerical
investigations on the performance of data-aided optical channel estimation
based on constant-amplitude zero-autocorrelation (CAZAC) sequences for
112 Gb/s polarization-diversity coherent optical ber transmission links.
3.1.1 DSP-based photonic receivers on heterogeneous ber
wireless scenarios
PAPERS 1, 8 and 11, respectively report on the experimental perfor-
mance evaluation of digital photonic receivers, as well as communications
systems demonstrating envelope-detected radio-over-ber systems, hetero-
geneous metro-access networks and photonic impulse-radio (IR) ultra wide-
band (UWB) signal generation and transmission.
Based on recent advances of DSP-based receivers in the area of 40-G and
100-G optical coherent systems, it is seen that the wide applicability of DSP
technology across several elds of technology will continue to reduce the cost
of integrating such technologies into systems requiring modest levels of data
processing. It has already become apparent that DSP technology has been
37
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successfully integrated into diverse communications systems, including data
modems for ADSL applications, wireless radio transceivers, and electronic
dispersion compensation modules for long-distance signalling. It is there-
fore not a great leap in imagination to anticipate the introduction of such
systems into low-cost recongurable optical transceivers for metropolitan
and access network systems.
The advantages of integrating exible and recongurable digital pho-
tonic receivers into optical envelope detection lies on the adaptability of
DSP modules to emerging standards and modulation formats. Further-
more, signal demodulation employing recongurable digital photonic re-
ceivers in optically intensity-modulated systems using carrierless ampli-
tude phase (CAP) modulation techniques may enable the implementation
of multi-dimensional modulation formats. Recent experiments in our group
using DSP-based receivers, report successful transmission of higher modu-
lation formats employing two-dimensional carrierless amplitude phase mod-
ulation (CAP) with 16 and 64 levels.
In PAPER 1, the rst integration of a digital receiver into optically
envelope detected radio-over-ber systems is demonstrated. The proposed
digital photonic receiver is experimentally validated on 416.6 Mbit/s half-
cycle binary phase shift keying (HC-BPSK) and 104.17 Mbit/s MSK radio-
frequency modulated signals after 30 km of optical ber transmission. Addi-
tionally, the maximum relation bit-rate/carrier-frequency for BPSK signals
is achieved with the proposed HC-BPSK modulation. The digital photonic
receiver implemented uses common digital functions for both types of sig-
nals, reducing the complexity of the receiver and enabling easy recongu-
ration on a single software-platform.
PAPER 8 reported on the rst validation of a recongurable digital
coherent receiver operating in a real-world test including 78 km of installed
optical ber, which was part of a Danish commercial optical communi-
cations network. The novel concept of a recongurable digital photonic
receiver integrating the benets of coherent detection and digital signal
processing was tested in a wavelength-division-multiplexing (WDM) sce-
nario composed of four signals from dierent optical access technologies.
The heterogeneous metro access network was composed of the following
subsystems:
1. 5 Gbps directly modulated vertical cavity surface emitting laser (VC-
SEL).
2. Baseband 20 Gbps non-return-to-zero quadrature phase-shift keying
i
i
\main_NGGO" | 2011/2/14 | 22:22 | page 39 | #59 i
i
i
i
i
i
3.1 Conclusions 39
(NRZ-QPSK).
3. Optically phase-modulated 2 Gbps impulse radio ultrawideband (IR-
UWB).
4. optically phase-modulated 5 GHz OFDM radio-over-ber.
PAPER 8 is currently nominated as a nalist in the 2011 Corning Out-
standing Student Paper Competition in the Optical Fiber Communication
Conference and Exposition and the National Fiber Optic Engineers Con-
ference (OFC/NFOEC 2011). The novel concept on recongurable digital
coherent receivers has the potential to enable signal detection and demod-
ulation on the expected highly heterogeneous next generation metro-access
networks.
Additionally, PAPER 9 demonstrates the robustness and exibility
of optical phase-modulated links in the linear transport of orthogonal fre-
quency division multiplexed (OFDM) microwave signals. Successful de-
modulation of an asynchronous optical phase-modulated adaptive-order
OFDM signal composed of 4, 16 and 64 quadrature amplitude modulated
(QAM) sub-carriers was demonstrated using a DSP-based recongurable
photonic receiver.
Finally, in PAPER 11, a DSP-based receiver was used for signal de-
modulation to demonstrate the furthest (50 km of optical ber transmission
followed by 2.9 m of wireless transmission) and highest bit rate wireless
transmission of an IR-UWB signal (3.125 Gb/s) generated in the photonic
domain.
3.1.2 Recongurable digital photonic receivers for PM
RoF systems
We considered the theoretical point of view on the design of recongurable
digital photonic receivers for optical phase-modulated links. It has also been
shown that data-signal parameters estimation including carrier phase and
frequency oset estimation as well as signal modulation format detection
can be jointly performed and simplied by using a clustering-based estima-
tion approach, instead of using traditional approaches based on maximum
a posteriori (MAP) or maximum likelihood (ML) estimation.
The novel clustering-based estimation approach is based on the esti-
mation of two parameters after the clustering process on the constellation
diagram: the number of estimated symbols represented by the geometri-
cal center of each identied cluster and the coordinates of those estimated
i
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Figure 3.1: Schematic diagrams of cognitive process model and the automatic modu-
lation format detection module.
cluster-centers on the constellation diagram. Data-signal phase and fre-
quency oset estimation as well as signal modulation format detection can
be easily derived from the number and coordinates of the identied clus-
ters. PAPERS 2-7report how to perform phase and frequency estimation
and compensation as well as signal modulation format detection based on
the k-means clustering algorithm. Successful signal detection and demod-
ulation of QPSK, 8PSK and 16QAM phase-modulated radio-over-ber sig-
nals was achieved using the novel clustering-based approach and supported
by experimental validations on wavelength-division-multiplexing (WDM),
subcarrier multiplexed and burst mode phase-modulated radio-over-ber
systems.
PAPERS 7 also developed a parallel between a schematic diagram of a
generic cognitive process model and the corresponding automatic modula-
tion format detection (AMFD) function integrated in our proposed digital
receiver (see Fig. 3.1). The proposed recongurable burst-mode digital
coherent receiver shows prospect for next generation access networks due
its adaptability, exibility and expandable format detection principle.
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3.1.3 Data-aided optical channel estimation
Constant Amplitude Zero Autocorrelation (CAZAC) sequences are inves-
tigated in Chapter 2 and developed as a strong candidate for performing
training sequence-aided optical channel estimation in 112 Gbit/s polarization-
diversity coherent detected optical transmission systems. Low-complexity
channel estimation can rapidly be achieved for each training block over-
coming current drawbacks in blind OPM approaches with blind, non-data
aided (NDA) lter update. This system is also adaptable, overcoming lim-
itations introduced, for example, by nite time-domain lter taps (causing
low parameter range and low precision estimation); CAZAC length may be
adapted to t within the FFT-size of the feedforward equalizer.
Extensive numerical investigations showed accurate chromatic disper-
sion estimation for dierent OSNR conditions, including the case for 10 dB.
In addition to dierent OSNR scenarios, the robustness of the estimation
is demonstrated in chapter 2 over a wide range of combined distortions
including random PMD contributions ranging from 10 to 35 ps and 6 dB
of PDL. Additionally, the proposed estimation approach of the instanta-
neous dierential group delay parameter based on the CAZAC sequence
was demonstrated for high values of OSNR.
Instead of non-data-aided approaches, the use of data-aided optical
channel estimation with the zero-forcing criteria has allowed accurate CD
and PMD estimation, independent of memory lengths and update algo-
rithms for FIR lter tap convergence. Therefore, data-aided channel esti-
mation based on the principle of zero-forcing criteria in the frequency do-
main, and use of CAZAC training sequences, has enabled accurate and low
complexity optical performance monitoring approaches toward real time
realizations.
3.2 RoF systems: 100-G systems and optical
microwave signal generation
The trend in radio-over-ber systems is to increase the microwave carrier
frequency to cover the huge growth of data capacity (multigigabt wireless
systems) demanded for end users [24]. Several frequency bands in the
millimeter wave frequency regime (60, 70/80, >100 GHz, etc.), have a few
gigahertz of available bandwidth, which could potentially enable gigabit
wireless transmissions [9, 10, 24, 72{74]. Hence, more attention must be
paid to ber dispersion, as a direct consequence of increasing microwave
i
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carrier frequency.
One equally important topic in RoF systems is the optical-domain gen-
eration and transmission of high-delity microwave and millimeter-wave
signals.There have been reports in the scientic literature of two dier-
ent techniques for generating microwave signals: the optoelectronic oscil-
lator [80{86] and the heterodyning of optical carriers with dierent wave-
lengths [87{92].
3.3 Toward cognitive optical networks
The Internet of the future is a new concept arising from the fact that
the current Internet structure will not be able to meet future demands
for bandwidth capacity, exibility and indispensable easy manageability of
its complex infrastructure. A simple incremental growth and development
will not suce. The very concept of the Internet will need to evolve, not
only at the level of its physical layer infrastructure, but also at the level of
providing ecient and manageable connectivity of real and virtual worlds,
for sustainable energy consumption and the provision of new services with
security and privacy guarantees.
Therefore, future optical networks supporting the Future Internet, are
envisioned as intelligent systems, capable of self-adjusting network resources
to support the continuing demand of new and diverse bandwidth-hungry
services [2]. Cognitive optical networks based on models of human-brain
abilities integrated into the network are expected as a breakthrough tech-
nology to implement future optical communication networks. Indeed, the
integration of cognitive processes into the network will allow perceiving op-
tical network conditions for optimum data-signal routing as well as ecient
network management in order to optimize network resources utilization and
reduce system power consumption.
The most relevant research challenges to exploit the full potential of
cognitive optical networks are how to implant cognitive entities (devices)
into the existing optical network architecture and map intelligence into
such devices. The proposed clustering-based approach developed within in
my PhD for signal parameter estimation enables the use of machine learn-
ing techniques for advance signal demodulation approaches and data-signal
modeling in optical networks. For instance, additional signal parameters
such as cluster-variances and measurements of the distances and angles be-
tween the clusters on the constellation diagram can be estimated by extend-
ing the proposed clustering-based approach using the k-means algorithm.
i
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Such an extension consists of adding posterior probabilities to the cluster-
ing process to make a soft assignment of data-symbols to clusters, instead
of the hard assignment performed by the k-means algorithm in which each
data-symbol is associated uniquely with one cluster.
The resultant extension is known as the expectation-maximization (EM)
algorithm. EM is a general technique for nding maximum likelihood esti-
mators in latent variable models such as Gaussian mixture (GoM) models.
GoM models can be interpreted as a simple linear superposition of Gaus-
sian components and it is a strong class of density model to exploit in
digital communications. For example, data-signal parameters estimation
based on GoM models would lead at least to two interesting enhancements
to the optical network functions: optical performance monitoring based on
cluster-shape variations analysis on the constellation diagram and signal
detection and demodulation of multi-cluster modulation formats, enabling
novel multiplexing methods based on clusters allocation on the constellation
diagram.
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a b s t r a c t
We present the ﬁrst known integration of a digital receiver into optically envelope detection radio-
on-ﬁber systems. We also present a re-conﬁgurable scheme for two different types of optically
envelope detected wireless signals while keeping the complexity of used optical components low.
Our novel digital receiver consists of a digital signal processing unit integrating functions such as ﬁl-
tering, peak-powers detection, symbol synchronization and signal demodulation for optically envelope
detected half-cycle binary phase-shift-keying and minimum-shift-keying signals. Furthermore, radio-
frequency signal down-conversion is not required in our proposed approach; simplifying evens more
the optical receiver front-end. We experimentally demonstrate error-free optical transmission (bit-error
rate corresponding to 103 related to FEC-compatible levels) for both 416.6 Mbit/s half-cycle binary
phase-shift-keying and 104.17 Mbit/s minimum-shift-keying radio-frequency modulated signals after
30 km of ﬁber transmission.
 2010 Elsevier Inc. All rights reserved.
1. Introduction
Digital receivers based on digital signal processing (DSP) for
optical communication systems have attracted the attention of
the optical community in the last years because its cost effective-
ness and compactness, adaptive compensation of ﬁber impair-
ments in the electronic domain, and its versatility and robustness
[1,2]. Moreover, an increase over the information capacity reached
by intensity-modulation/direct-detection (IM/DD) schemes has
been recently demonstrated by combining coherent detection
and digital receivers based on DSP [3,4]. Furthermore, digital
coherent receivers based on DSP have been reported as a part of
the integration of microwave wireless communications schemes
with ﬁxed optical access links such as the radio-on-ﬁber (RoF)
technology [5]. RoF is also a promising candidate for simultaneous
distribution of wired and wireless services over a uniﬁed network-
ing platform [6,7].
Despite the improvement on information capacity, coherent
detection tends to be more complex than envelope detection due
to the optical mixing methods required for re-constructing the
electrical ﬁeld of the signal. Also heterodyne methods for radio
frequency (RF) down-conversion and detection are more complex
than envelope detection of RF signals. Thus, optical envelope
detection emerges as a promising technology to keep the complex-
ity of optical components low as it requires only direct photodetec-
tion of the optical signal [8]. Moreover, complex RF mixers and
local oscillator stages can be avoided as well [9,10]. The main chal-
lenge lies on the receiver side since emerging services from the
convergence of wired and wireless networks may have diverse
modulation formats and mixed bit rates. Digital receivers based
on DSP enable easier re-conﬁgurable schemes to switch between
different modulation and standards such as quadrature amplitude
modulated (QAM) and minimum-shift-keying (MSK) signals [11]
and may also be further adapted to support future advances in
wireless signaling technology.
Recently, optical envelope detection has been successfully dem-
onstrated with various RF modulated signal types, including
5.5 Gbit/s amplitude shift-keying (ASK) [9], and 40 Mbaud 16
QAM and quadrature phase-shift-keying (QPSK) [10]. However,
the advantages and beneﬁts of digital receivers incorporated into
optical envelope detection have not yet been investigated. We
present in this paper the ﬁrst known integration of a digital recei-
ver based on DSP to optical envelope detection systems. By taking
advantage of the ﬂexibility of digital receivers, we also present a
re-conﬁgurable scheme for both optically envelope detected half-
cycle binary phase-shift-keying (HC-BPSK) and MSK RoF signals.
We propose HC-BPSK as a modiﬁcation of binary phase-shift-
keying (BPSK) to reach the maximum relation bit-rate/carrier
frequency possible by encoding information symbols in half cycles
of the carrier. Based on the same principle of HC-BPSK detection,
we also propose a method for MSK signals with direct detection.
1068-5200/$ - see front matter  2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.yofte.2010.10.005
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We designed and implemented a single set of ﬂexible ﬁltering
and synchronization DSP modules that were used for both types
of signals, although separate demodulation modules were used in
the receiver for the MSK and HC-BPSK modulated channels. We
have successfully demonstrated the performance of our proposed
receiver by achieving bit-error rate (BER) values below 103 (on
the forward error correction level) after transmission for both
416.6 Mbit/s half-cycle and 104.17 Mbit/s MSK RF modulated
signals after 30 km of ﬁber transmission.
2. Experimental details
We consider a communications scheme as shown in Fig. 1. The
RF signal is HC-BPSK and MSK modulated. The base station unit
(BSU) interfaces to the wireless communications network and
imposes the received RF signal onto an optical carrier. At the
central ofﬁce (CO), the incoming optical signal is photo-detected
before the data content is recovered by a DSP-enabled receiver.
The block diagram of the experimental setup is presented in
Fig. 2. The RF waveform emulating the received wireless signal
was obtained from an Agilent N8241A arbitrary waveform
generator (AWG). The AWG produced a 416.6 Mbit/s HC-BPSK
modulated signal at an intermediate frequency of 208.33 MHz,
and a 104.17 Mbit/s MSK modulated signal by using two different
carrier frequencies ﬁxed at 104.17 MHz and 416.66 MHz for repre-
senting logic symbols ‘‘one’’ and ‘‘zero’’. This RF signal was used to
drive a Mach–Zehnder optical intensity modulator (MZM) biased
for linear operation, which modulated an optical carrier of wave-
length 1554.42 nm. The RF voltage driving the MZM was set to
4.5 V peak-to-peak. A polarization controller was used at the
MZM input to maximize optical modulation depth. The ampli-
tude-modulated optical signal was launched into the standard sin-
gle mode ﬁber (SMF) with an average optical power level of
5.74 dBm and transmitted over 30 km. The average optical re-
ceived power level was measured to be 11.15 dBm. A 10 GHz
photodiode (PD) was used at the receiver. The PD output was sam-
pled at a rate of 40 Gs/s using a 13 GHz-bandwidth real time oscil-
loscope (Agilent Inﬁnium DSO80000B), and processed ofﬂine using
our proposed DSP algorithms.
The digital receiver includes common ﬁltering and synchroniza-
tion steps for both half cycle BPSK andMSK signals. Post-processing
of the digitized data consists of a digital Gaussian ﬁlter to improve
Fig. 1. Urban scenario. BSU, base station unit; CO, central ofﬁce.
Fig. 2. Experimental layout. The intensity-modulated RoF signal is optically envelope detected after transmission. DSO, digital sampling oscilloscope; AWG, arbitrary
waveform generator.
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receiver signal-to-noise ratio (SNR), a synchronization module for
peak-power samples detection and a demodulation module
adapted for both the HC-BPSK and theMSK signals. Finally, the data
pattern was recovered and the bit-error rate (BER) calculated.
2.1. HC-BPSK modulation principle
The HC-BPSK modulation format is based on a BPSK modulation
with a symbol rate of twice the value of the carrier frequency. Thus,
half periods of the carrier are used for representing information
bits. The modulation process includes an encoding rule which con-
sists of a p phase shift of the RF carrier to represent logic ‘‘zero’’,
and a preservation of carrier phase in the other case.
2.2. MSK signal generation
TheMSK signal was generated by using two different carrier sig-
nals to represent logic symbols ‘‘one’’ and ‘‘zero’’, with continuous
phase in the transition. Carrier frequencies were ﬁxed to
104.17 MHz and 416.66 MHz and the bit rate was ﬁxed at
104.17 MHz.
3. The digital receiver
After photodetection, the PD output is digitized using a sampling
oscilloscope at 40 GSa/s for ofﬂine processing. Fig. 3 shows the sig-
nal ﬂow chart of the DSP receiver. The proposed demodulation algo-
rithm implemented is based on the number of peak-powers samples
detected per symbol period in both HC-BPSK and MSK signals.
Firstly, the HC-BPSK/MSK signal samples, denoted by yðmN TsÞ,
sampled at a rate higher than the symbol rate (every (m/n)Ts sec-
onds where m 6 n), are divided into streams of N values according
to the HC-BPSK/MSK symbol period Ts and post-processed in a DSP
receiver. We can write the sampled signal as:
y
m
N
Ts
 
¼
X
k
XN
m¼1
bk
m
N
Ts  kTs
 
þ n m
N
Ts
  !
ð1Þ
where bk represents a sinusoidal signal whose frequency values are
describing in Eq. (2) and nðmN TÞ is a gaussian sample noise. Three dif-
ferent values for carrier frequency are switched according to the
modulation format to be implemented. Thus, as it is described in
Eq. (2), logical symbol ‘0’ for the MSK signal will have a carrier fre-
quency four times higher than the sampling frequency at the
receiver.
bk ¼ sinð2pfktÞ !
fk ¼ 14Ts for MSK0
fk ¼ 1Ts for MSK1
fk ¼ 2Ts for HC-BPSK
8>><
>: ð2Þ
The digital receiver consists of a digital Gaussian ﬁlter with
adjustable standard deviation (r) factor whose input is a stream
ofN data samples. Since the digital Gaussian ﬁlter is a low pass ﬁlter
whose bandwidth is adjustable by r, and bandwidth requirements
for signal demodulation are different from HC-BPSK and MSK, the
reconﬁguration process implies a new selection of the r. After ﬁl-
tering operation, samples (denoted by ~yðmN TsÞ) are passed through
a tapped delay line of length 2 to calculate the ﬁrst and second
derivative of the signal. Eq. (3) describes the derivative operation.
D2~y
m
N
Ts
 
¼ ~y m
N
Ts  2
 
 ~y m
N
Ts  1
 
þ ~y m
N
Ts
 
ð3Þ
Secondly, a peak-power samples detection block (denoted as
‘‘peak detection’’ in Fig. 2) extracts from the second derivative of
the signal, all peak-power samples in a symbol period. Since these
peak-power samples may represent local (because of the effect of
the Gaussian noise) and global (values required for timing clock
recovery) maximums in a symbol period, a synchronization block
is required. All peak-power samples are fed to the synchronization
block where peak-power samples higher than a threshold (denoted
by l) value are selected for timing recovery. The function thres()
whose output is a vector (M = [m1, . . . ,mj]) containing the discrete
time index of samples above l is deﬁned in Eq. (4).
thres
XN
m¼1
D2~y
m
N
Ts
 
;l
 !
¼ m; D2~y m
N
Ts
 
P l
n
ð4Þ
Fig. 3. Signal ﬂow chart of the DSP-enabled receiver for HC-BPSK and MSK signal
demodulation.
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Finally, after peak-powers detection and synchronization, the
information of the discrete time index from vector M is used by
the HC-BPSK/MSK symbol detection block to reconstruct the binary
data information before the bit-error rate (BER) counter.
Filtering and synchronization DSP modules are used for both
types of signals. However, different demodulation modules have
been developed to demodulate MSK and HC-BPSK modulated sig-
nals separately. HC-BPSK signals are associated with one peak-
power sample per symbol (since only half cycle of the carrier is
modulated) while for MSK signals the number of peak-power sam-
ples per symbol varies from one logic symbol to the other one. This
is because of the different number of full carrier cycles depending
of the logical symbol recovered (since different carrier frequencies
are used for each logical symbol). For instance, four peak-power
samples will be found for the symbol represented by the frequency
ﬁxed at 416.66 MHz with a symbol rate ﬁxed at 104.17 MHz. On
the other hand, only one power peak will be detected for the sym-
bol represented by the frequency ﬁxed at 104.17 MHz.
4. Results
We assessed BER sensitivity of the system as a function of the
average received optical power, and present the results for
416.7 Mbit/s HC-BPSK in Fig. 4a and 104.17 Mbit/s MSK in
Fig. 4b. BER calculations were done at the transmitter output
(B2B) and after 30 km SMF by analyzing a total amount of
15,524 bits. Optical power losses after transmission were
measured at 6 dB approximately. For both signals, we obtained
BER below 103. It is observed in Fig. 4a that there is a penalty in
received power (for BER at 103) of approximately 1 dB for a value
of 0.55 of the digital Gaussian ﬁlter standard deviation factor (r).
For Fig. 4b, the DSP based receiver was reconﬁgured to MSK signal
demodulation by adjusting the r value to 0.65. No penalty in
received power was observed for BER at 103 between the back-
to-back (B2B) and transmission scenario.
In Fig. 5, we present an eye diagram obtained after 30 km opti-
cal transmission, before and after ﬁltering of the half cycle BPSK
modulated signal (at a received power level of Prec = 24.2 dBm).
Eye diagrams were calculated by using 7000 of bits to illustrate the
effect of the digital Gaussian ﬁlter. An open eye diagram was
observed after ﬁltering, conﬁrming the low probability of errors
reported in Fig. 4a at 24.2 dBm of optical received power (a log
value of the BER of 3.89 corresponds to 2 errors over the total
amount of bits considered for BER calculations).
5. Conclusions
A re-conﬁgurable digital receiver for optically envelope
detected HC-BPSK and MSK signals for radio-on-ﬁber has been pre-
sented. We have experimentally demonstrated successful demod-
ulation of both 416.6 Mbit/s HC-BPSK and 104.17 Mbit/s MSK RF
modulated signals, after transmission over a 30 km of SMF. The
proposed digital receiver uses common digital functions for both
types of signals reducing the complexity of the receiver and does
Fig. 4. Showing transmission penalty (BER vs. received optical power) results for (a) 416.7 Mbit/s HC-BPSK and (b) 104.17 Mbit/s MSK signaling.
Fig. 5. Eye diagrams obtained (a) before and (b) after ﬁltering at the receiver.
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not required RF signal down-conversion due to the demodulation
method based on the peak-power detection implemented. The
maximum relation bit-rate/carrier-frequency for BPSK signals is
achieved with the proposed HC-BPSK modulation. By using a digi-
tal receiver for optically envelope detected wireless signals, higher
order modulation formats can be implemented; increasing the
capacity of the system without increasing the complexity of the
optical receiver. In addition to encoding tasks and signal demodu-
lation of advanced modulation formats, digital receivers based on
DSP also enable easy reconﬁguration to different modulations for-
mats and standards on a single platform. This fact makes digital
receivers more feasible for implementing the next generation of
access networks.
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Experimental 2.5-Gb/s QPSK WDM
Phase-Modulated Radio-Over-Fiber Link
With Digital Demodulation by a -Means Algorithm
Neil Guerrero Gonzalez, Darko Zibar, Antonio Caballero, and Idelfonso Tafur Monroy
Abstract—Highest reported bit rate of 2.5 Gb/s for opti-
cally phase-modulated radio-over-fiber (RoF) link, employing
digital coherent detection, is demonstrated. Demodulation of
3 2.5 Gb/s quadrature phase-shift-keying modulated wave-
length-division-multiplexed RoF channels is achieved after 79 km
of transmission through deployed fiber. Error-free performance
(bit-error rate corresponding to    ) is achieved using a digital
coherent receiver in combination with a -means algorithm for
radio-frequency phase recovery.
Index Terms—Carrier recovery, coherent communication, dig-
ital receivers, digital signal processing (DSP), phase-modulation,
radio-over-fiber (RoF).
I. INTRODUCTION
C OHERENTLY detected optically phase-modulatedradio-over-fiber (RoF) links are a promising technology
for future applications in wireless photonic networks where
a large bandwidth and channel selectivity, and low transmit
power is required [1]. Optically phase-modulated RoF links
can potentially enable large dynamic range, high-capacity and
spectral efficiency, and simplified antenna base stations imple-
mentation. However, phase-modulated links require an optical
coherent receiver combined with digital signal processing
(DSP) modules for detection and linear signal demodulation
[2]. We have recently proposed and experimentally demon-
strated a novel digital coherent receiver for phase-modulated
wavelength-division-multiplexed (WDM) RoF optical links
employing a simple binary phase-shift-keying (BPSK) and
quadrature phase-shift-keying (QPSK) modulation format with
a relatively low bit rate of 50 Mb/s for a radio-frequency (RF)
carrier at 5 GHz [2]. Since phase-modulated RoF systems
have the information encoded into the phase of an RF carrier
which then modulates the phase of the optical carrier, two
frequency/phase-compensation modules are required. The
first module (the digital phase-locked-loop (DPLL) [2], [3])
removes the frequency/phase offset between the local oscillator
(LO) and the incoming signal. A second module is needed
to remove the RF phase offset (RF carrier recovery) before
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cepted December 16, 2009. First published January 12, 2010; current version
published February 10, 2010.
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signal demodulation. For RF carrier recovery feedback, deci-
sion-directed (DD) and feedforward nondecision-aided (NDA)
algorithms are used to compensate the RF phase offset [3].
Feedforward phase estimation algorithms are preferred since
they avoid feedback which can cause system instability and
also they can be more easily parallelized which is important for
high-speed real-time implementation. For -ary phase-shift
keying ( -PSK) modulation formats, feedforward algorithms
as the classical Viterbi & Viterbi (V&V) algorithm are typically
well suited; however, they suffer from complexity as we scale
up to higher order modulation formats [3]. In this work, we pro-
pose a novel feedforward application of the -means algorithm
for RF carrier recovery. In addition to its adaptability to a wide
variety of modulation schemes, the -means algorithm is less
complex than the V&V algorithm since complex multiplica-
tions are not required to remove the data modulation decreasing
its complexity for digital implementation. It is important to
decrease the number of complex multiplications because more
hardware resources are used for real-time implementation and
the range of resolution for representing float numbers is reduced
[3].
We experimentally demonstrate a three-channel WDM,
2.5-Gb/s QPSK optical phase-modulated uplink RoF link and
a 6-GHz RF carrier frequency, including a transmission over
a 78.8 km of deployed fiber. We achieve an error-free perfor-
mance of , for the center demodulated channel and three
simultaneous demodulated channels for back-to-back (B2B)
case and after fiber transmission.
II. SETUP DESCRIPTION
The experimental setup is shown in Fig. 1. The transmitter
consists of three tunable distributed-feedback (DFB) lasers,
with a linewidth of 3 MHz. The output of the transmitter laser
array is then connected to an optical phase modulator (PM).
The spacing between the optical channels was at 50 GHz.
Two independent output signals from a pulse pattern generator
(PPG) at 1.25 Gb/s are used to feed the in-phase and quadra-
ture (I/Q) mixer of a vector signal generator (VSG), which
performs QPSK modulation at 6-GHz carrier frequency. The
RF power driving the PM is set to 18 dBm, corresponding to
0.86 modulation index. The optically phase-modulated signal is
launched into the field-deployed optical fiber at 0.7 dBm and
transmitted over 78.8 km. The optical power received was at
24.32 dBm. The fiber is a G.652 standard single-mode fiber
(SMF) type. The deployed link incorporates dispersion compen-
sation by using a matched length of dispersion-compensating
1041-1135/$26.00 © 2010 IEEE
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Fig. 1. General outline for the experimental setup for demonstration of WDM
2.5-Gb/s QPSK phase-modulated RoF optical link using the digital coherent
detection.
fiber (DCF) whose loss is compensated by an erbium-doped
fiber amplifier (EDFA). As an LO, a tunable external cavity
laser is used, with 100-kHz linewidth and 0-dBm input power
was delivered to the 90 optical hybrid. The I/Q resultant
signals after the 90 optical hybrid are detected with two pairs
of balance photodiodes, with 7.5-GHz bandwidth. The detected
photocurrents are digitalized using a sampling oscilloscope
(DSO) at 40 Gs/s (Agilent Infinium DSO91304A) for offline
processing. The employed digital receiver uses carrier-recovery
DPLL and linear signal demodulation [2], the quadrature de-
modulator for RF down-conversion [3], the Müller and Müller
algorithm for timing recovery [3], and the -means algorithm
for RF phase estimation and signal demodulation.
Once the signal after photodetectors is digitized, the DPLL re-
moves the difference in frequency and phase between the trans-
mitter and LO lasers. The DPLL can track frequency offset in
the range of approximately 400 MHz [2]. Next, we linearly de-
modulate the phase encoded RF signal. Then quadrature de-
modulator is used to down-convert the RF signal to baseband
and a Müller and Müller synchronizer is applied to select the
best sample per symbol. Finally, we apply -means algorithm
to make clustering before signal demodulation.
III. -MEANS ALGORITHM FOR RF PHASE RECOVERY
This section is intended as an introduction to our proposed
-means algorithm [4], [5] whose signal flowchart is presented
in Fig. 2. The general setting of our -means approach is as fol-
lows: clusters represent the four phase-states of a QPSK signal
in the presence of phase offset in the I/Q plane. The RF phase
offset is found by calculating the angle of the cluster centroids
[see Fig. 2(d)]. The cluster’s centroids estimation starts after the
Müller and Müller synchronization block (see Fig. 1). two-di-
mensional (2-D) vectors formed by
their I/Q data sample pair are mapped into the I/Q complex
Fig. 2.  -means training flowchart.
plane, as shown in Fig. 2(d). Since QPSK signals have four
phase-states, four clusters of data points are found. In order to
start the estimation of the phase offset , four initial represen-
tative cluster prototypes with , representing
the cluster number, are placed into the I/Q complex plane ex-
tracted from the initial samples [see Fig. 2(a)]. The distance
between each 2-D vector and each pro-
totype is calculated. Fig. 2(b) illustrates the distance calcula-
tion for the first single 2-D vector when
. Vector is assigned to the cluster whose distance is
the minimum (the winner cluster) and the position of its proto-
type is updated by calculating the mean between the vector
and the winner prototype [Fig. 2(c)]. The process is repeated
for and the algorithm reaches its stable-state after
certain number of iterations.
IV. RESULTS
Fig. 3 shows the measured electrical spectrum of the QPSK
signal with 2.5-GHz double sideband bandwidth at 6-GHz RF
carrier frequency. As we expect, the spectra is centered at 6 GHz
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Fig. 3. Measured electrical spectra of 2.5-Gb/s QPSK RF signal.
Fig. 4. Measured optical spectra of WDM phase-modulated RoF signal.
with nulls at 7.25 GHz, showing a QPSK phase-modulated RF
carrier at 1.25 Gbaud. Fig. 4 shows the measured optical spec-
trum of the optical data signal. The spacing between the optical
channels is set to 50 GHz, in order to comply with standardized
International Telecommunication Union (ITU) grid. Amplified
spontaneous emission (ASE) noise was loaded as a method to
vary the optical signal-to-noise ratio (OSNR) at 0.1-nm resolu-
tion bandwidth.
To assess the performance of our system, we have computed
the bit-error-rate (BER) curve as a function of OSNR for two
different scenarios. The first scenario was fixed for a single
wavelength ( nm) for B2B and after 78 km of
fiber transmission. The second scenario was fixed for three si-
multaneous channels spaced 50 GHz ( nm,
nm, and nm) after 78 km of fiber
transmission.
Fig. 5 shows the offline computed results for these two cases.
In order to analyze neighboring effects for a WDM system, only
results for the center channel are provided since it is the one
that experiences the most crosstalk.
Fig. 5. BER of the demodulated 2.5-Gb/s QPSK signal at wavelength
1552.4 nm for a WDM channel spacing of 50 MHz, for B2B and after 78 km
of deployed fiber transmission.
A penalty of 1 dB for a BER at is observed for a single
wavelength ( nm) after 78.8 km of fiber trans-
mission with respect to its B2B performance and approximately
2.5 dB of penalty for the case of two added neighbor channels.
The reason for the observed penalty, we believe, is associated
to the system drift of the deployed fiber setup. We believe that
although no postequalization algorithms were used, they may
improve the overall system performance.
V. CONCLUSION
We have experimentally demonstrated successful coherent
detection and digital demodulation of a three-channel WDM
optically phase-modulated RoF link, at a bit rate of 2.5 Gb/s
per channel and 6-GHz RF carrier frequency, after transmission
over 78.8 km of field deployed fiber. To the best of our knowl-
edge, this is the highest reported bit rate for optical phase-modu-
lated RoF, coherent optical links. The -means algorithm is used
for RF phase recovery and it is a promising RF carrier phase
approach for higher order modulation formats due its flexible
configurationally and simplicity for digital implementation.
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Abstract Highest reported bit rate of 2.5 Gbit/s for optically phase modulated radio-over-fibre link employing 
coherent detection is demonstrated. Demodulation of 3x2.5 Gbit/s QPSK modulated WDM channels, is achieved 
after 79km of transmission through deployed fiber. 
Introduction
Coherently detected optically phase-modulated radio 
over fiber (RoF) links are a promising technology for 
future applications in wireless networks where a large 
bandwidth, channel selectivity and low transmit power 
is required1. Optically phase modulated RoF links can 
potentially enable large spurious–free dynamic range, 
high-capacity, high-spectral efficiency, enhanced 
receiver sensitivity and simplified antenna base 
stations implementation. However, phase modulated 
links require an optical coherent receiver for detection 
and linear signal demodulation2. A promising 
approach for linear signal demodulation is a digital 
coherent receiver that comprised stages for removing 
frequency offset between the local optical local 
oscillator and incoming signal, carrier recovery, timing 
recovery, radio frequency (RF) phase estimation and 
signal demodulation. We have recently proposed and 
experimentally demonstrated a novel DSP based 
digital coherent receiver for phase-modulated WDM 
RoF optical links employing a simple BPSK 
modulation format at 50 Mbit/s for RF carrier over 25 
km of SMF3. In this paper, we experimentally 
demonstrate a 3 channel wavelength division 
multiplexing (WDM),  2.5 Gbit/s quadrature phase-
shift keying (QPSK) optical phase modulated RoF, 
including transmission over a 78.8 km long field 
deployed optical fibre in the Copenhagen area. QPSK 
signal is generated by a Pulse Pattern Generator 
(PPG) and demodulation is performed offline 
employing a k-means algorithm featuring low 
complexity and simplicity for digital implementation.  
Setup Description
The experimental setup is shown in Fig. 1. The 
transmitter consists of 3 tuneable Distributed 
Feedback Laser (DFB) lasers, with an average optical 
output power of 1 dBm and a linewidth of ~3 MHz. 
The output of the transmitter laser array is then 
connected to an optical phase modulator (PM). The 
wavelengths of the channels were spaced at 50 GHz 
from 1552.444 nm to 1552.048 nm. Two independent 
output signals from a PPG at 1.25 Gbit/s are used to 
feed the I&Q mixer of a Vector Signal Generator 
(VSG), which performs QPSK modulation at 6 GHz 
carrier frequency.  
The RF power driving the PM is set to 18 dBm, 
corresponding to 0.8662 modulation index. The 
optically phase modulated signal is transmitted over a 
78.8 km of field-deployed optical fiber. The fiber is a 
G.652 standard single mode fiber (SMF) type. The 
total link loss was measured to be 25 dB. This 
deployed link incorporates dispersion compensation 
by using a matched length of dispersion 
compensating fiber (DCF) whose loss is 
compensated by an erbium doped fiber amplifier 
(EDFA).
... ...
1O
nO
...
Fig. 1: Experimental setup
As a Local Oscillator (LO), a tuneable external 
cavity laser is used, with ~100 kHz linewidth and 
0 dBm input power was delivered to the 90° optical 
hybrid. Both signals are passed through Polarization 
Beam Splitters (PBS) so the beating of both lasers is 
maximized. In practice, a polarization diversity 
scheme or polarization tracking can also be 
implemented. The in-phase and quadrature signals 
resultant after the 90° Hybrid coherent receiver are 
detected with two pairs of balance photodiodes, with 
7.5 GHz bandwidth. The detected photocurrents are 
digitalized using a sampling oscilloscope at 40 Gs/s 
(Agilent Infinium DSO91304A) for offline processing. 
The employed digital receiver uses carrier-recovery 
digital phase-locked loop (PLL), linear signal 
ECOC 2009, 20-24 September, 2009, Vienna, Austria Paper P3.15
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demodulation2, and k-means algorithm for RF phase 
estimation and signal demodulation. 
K-means Algorithm for RF phase recovery 
In contrast to using phase rotation methods to align a 
recovered constellation, an iterative clustering 
approach called k-means algorithm4 can be applied to 
the complex QPSK data mapped into the In-phase 
and quadrature space. This algorithm subdivides the 
constellation iteratively into L clusters (or classes) 
once the centroid of every cluster is found. Complex 
multiplications to rotate the constellation and certain 
number of data to estimate the phase are not required 
for signal demodulation.  
An example of phase recovery for our QPSK 
signal using k-means is shown in Fig. 2.  
Fig. 2: Phase recovery by k-means algorithm
Experimental Results
Fig. 3 shows the electrical spectrum of the QPSK 
signal with 2.5 GHz double side-band bandwidth.  
Fig. 3: Electrical spectrum of digital demodulated QPSK 
signal, 2.5 Gbit/s at 6 GHz carrier frequency 
Fig. 4 shows the measured optical spectrum of the 50 
GHz WDM space signals. Amplified spontaneous 
emission (ASE) noise was added to the system using 
two cascades EDFA with a tuneable filter in between 
to measure the optical signal to noise ratio (OSNR) at 
0.1 nm of resolution.  
To assess the performance of our system, we 
have computed the BER curve as a function of OSNR 
for the central wavelength channel alone and for the 
case of two added, simultaneous neighbouring 
channels spaced 50 GHz. Fig. 5 shows the offline 
computed results for Back-to-Back (B2B) 
transmission and after the deployed fibre.  
1551,8 1552,0 1552,2 1552,4 1552,6 1552,8 1553,0
-60
-40
-20
Fig. 4: Optical spectrum of WDM channels 
A penalty of 1 dB is observed for a single 
wavelength (O 1552.44 nm) after 78.8 km of 
transmission with respect to its B2B performance and 
approximately 2.5 dB of penalty for the case of two 
added neighbour channels. The reason for the 
observed penalty, we believe, it is associated with 
polarisation dispersion issues in the field deployed 
fibre.
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Fig. 5: BER curve for back-to-back (B2B), and after 
transmission for one and three wavelengths, simultaneously 
Conclusions
We have experimentally demonstrated successful 
coherent detection and digital demodulation for 
3xWDM of 2.5 Gbit/s QPSK phase modulated RoF 
optical link after transmission over a 78.8 km of field 
deployed fibre. The k-means algorithm is used for RF 
phase recovery. To the best of our knowledge, this is 
the highest reported baud rate for optical phase 
modulated RoF, coherent optical links.      
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*Abstract— A reconfigurable digital radio frequency carrier 
recovery scheme based on the k-means algorithm is 
proposed for phase-modulated subcarrier multiplexed and 
quadrature amplitude modulated single carrier 
phase-modulated radio-over-fiber links. We report on 
experimental results for 40 km single mode fiber 
transmission link with three, 50 Mbaud, 8PSK subcarrier 
multiplexed signals and a 312.5 Mbaud, 16QAM single 
carrier at 5 GHz frequency, demonstrating the adaptability 
and feasibility of our proposed scheme for higher order 
modulation formats in order to achieve service integration 
on a  unified  networking platform.  
 
Index Terms— k-means, coherent communication, 
radio-over-fiber, phase modulation, digital signal processing 
(DSP), digital receivers, carrier recovery.  
I. INTRODUCTION 
he next generation broadband access networks are striving 
for convergence of wired and wireless service delivery to 
the end users over a unified networking platform (see Fig. 
1). Radio over fiber (RoF) technology is a promised candidate 
to realize an effective unified network platform because of its 
transparent transmission of various types of radio services [1].  
 
 
However, in addition to accommodate the increasing demand 
for greater bandwidth, access networks will need to be flexible 
to support emerging services while keeping the overall cost and 
 
All authors are with the DTU Fotonik-Department of Photonics 
Engineering, Technical University of Denmark, DK-2800 Kgs. Lygnby, 
Denmark. (E-mail: nggo@fotonik.dtu.dk).  
complexity low. Diversity of emerging services is presenting a 
new set of challenges to be faced in the design of receivers such 
as transparency and adaptability to advance modulation 
formats and different bit rates. Recently, we proposed 
quadrature phase shift keying (QPSK) modulated subcarrier 
multiplexed signals (SCM) in coherently detected optical 
phase-modulated radio-over-fiber (RoF) systems for achieving 
increased spectral efficiency and link linearity [2]. In addition, 
SCM in phase-modulated RoF systems present higher 
robustness against fiber nonlinearities than the scenario for 
intensity modulation and direct detection (IM/DD) systems. To 
accomplish it, an optical coherent receiver supported by digital 
signal processing is required for linear signal demodulation. 
For moving toward higher order modulation formats such as 
quadrature amplitude modulated (QAM) signals; 
reconfigurable algorithms for digital RF carrier recovery have 
been investigated [3, 4].  
 
Recently we have proposed and experimentally demonstrated a 
novel approach for radio frequency (RF) carrier recovery for 
QPSK modulated Wavelength Division Multiplexed (WDM) 
RoF channels based on the flexible k-means algorithm [5]. In 
this paper, we present an upgrade of the k-means algorithm to 
demodulate three 8PSK SCM signals for increasing the 
transmission capacity of our phase-modulated RoF optical link. 
We also present an adaptation of our carrier recovery scheme 
Reconfigurable Digital Receiver for 8PSK 
Subcarrier Multiplexed and 16QAM Single 
Carrier Phase-Modulated Radio over Fiber 
Links  
Neil Guerrero Gonzalez, Darko Zibar, Xianbin Yu and I. Tafur Monroy 
T 
Service integration
Reconfigurable
Receiver
Different
Bit-rates
 
Fig. 1. Next generation broadband access networks supporting mixed 
services, mix bit rate and diverse modulation formats. 
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Fig. 2. Experimental setup for demonstration of three-channel SCM 
phase-modulated optical signal, employing 50 Mbaud 8PSK 
(frequency band: 4.6 GHz – 5.4 GHz) and 312.5 Mbaud 16QAM 
modulation and using digital coherent detection. 
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for 16QAM signals demonstrating its feasibility for a wide 
variety of modulation formats. We successfully demonstrate 
for a phase-modulated RoF downlink a signal demodulation of 
3 channels subcarrier multiplexed optically phase-modulated 
RoF link, employing 50 Mbaud 8PSK modulation format of 
subcarriers around a 5 GHz frequency after 40 km of standard 
Single Mode Fibre (SMF) transmission. Signal demodulation 
of a 312.5 Mbaud 16QAM single carrier at 5 GHz is also 
demonstrated after 40 km of transmission.  
II. EXPERIMENTAL SETUP 
The experimental setup for a phase-modulated 
radio-over-fibre optical link employing multi-channel 
subcarrier modulation is shown in Fig. 2. The transmitter 
consists of a tuneable Distributed Feedback Laser (DFB), with 
a linewidth of ~3 MHz in the range of 1550 nm. The output of 
the transmitter laser is then connected to an optical phase 
modulator (PM).  
 
We use an Agilent N8241A arbitrary waveform generator 
(AWG) to generate three 50 Mbaud 8PSK and a 312.5 Mbaud 
single carrier 16QAM modulated digital data streams. The 
PSK generated digital data signals are then modulated onto 3 
subcarriers with frequencies at 0, 200 and 400 MHz. Square 
root of raised-cosine filter is applied to the digital data streams 
in order to limit the signal bandwidth and reduce Interference 
Inter-symbols (ISI) between subcarriers. The outputs of the 
AWG are I and Q components of the modulated subcarriers 
and are then simultaneously fed to the Vector Signal Generator 
(VSG) where they are up-converted to a 5GHz carrier 
frequency. The output of the VSG is a 50 Mbaud multichannel 
SCM in the frequency range from 4.6 GHz to 5.4 GHz. The RF 
power driving the PM is set to 11 dBm. The optically phase 
modulated signal is launched into the optical fiber with an 
average power level of  -1.8 dBm and transmitted over 40 km. 
The received optical power level was measure to be -9.5 dBm. 
The fiber is a standard single mode fiber (SMF) type. As a 
Local Oscillator (LO), a tuneable external cavity laser is used, 
with ~100 kHz linewidth and 0 dBm input power was delivered 
to the 90° optical hybrid. The in-phase and quadrature resultant 
signals after the 90° optical hybrid are detected with two pairs 
of balance photodiodes, with 7.5 GHz 3-dB bandwidth. The 
detected photocurrents are digitized using a sampling 
oscilloscope at 40 GSa/s for offline processing. The employed 
digital receiver uses carrier-recovery digital phase-locked loop 
(PLL) [2], linear signal demodulation [2], and a subcarrier 
demodulation approach including a digital Hilbert transform 
[2], our proposed k-means algorithm is used for RF phase 
estimation and signal demodulation.  
III.  RECONFIGURATION OF THE CARRIER RECOVERY APPROACH  
FOR QAM  SIGNALS 
 The k-means is a scalable and flexible clustering algorithm 
which estimates centroids of clusters on a two dimensional 
(2D) space. Since the phase-offset is a constant rotation of the 
2D constellation diagram of RF signals, k-means can be used 
for phase-offset estimation by calculating the angle of centroids 
after the clustering process [5]. Assuming perfect frequency 
estimation and synchronization, PSK carrier recovery based on 
the k-means algorithm can be reconfigured for 16QAM 
signals. Fig. 3 shows the schematic diagram of the 
reconfigurable carrier recovery approach based on the 
k-means algorithm. In the beginning, to identify among PSK 
and QAM signals, the number of amplitude levels is calculated 
by analysing the magnitude histogram. For the case of QAM 
signals (multilevel signals), the input signal must be adjusted 
before clustering by the extraction of QAM symbols whose 
magnitude on the constellation diagram correspond to the 
lowest amplitude level (thresholding, see Fig. 4). The QAM 
extracted symbols are in any case a sub-QPSK constellation 
and then, the already demonstrated carrier recovery approach 
based on the k-means algorithm is applied. It is important to 
notice the reduction of complexity in the case of QAM signals 
in terms of computational operations since only four clusters 
from the constellation are used for phase estimation.   
 
IV. EXPERIMENTAL RESULTS 
Fig. 5(a) shows the frequency spectrum of the three-channel 
subcarrier-multiplexed phase-modulated optical signal. It is 
shown that the reconstruction of the whole optical field is 
achieved after removing the frequency offset between the lasers 
by the DPLL.  Double-sideband subcarriers occupying the 
frequency range from 4.6 to 5.4 GHz are clearly observed in the 
shown frequency spectrum. Fig. 5(a) also shows that the 
 
Fig. 3. Schematic diagram of the digital carrier recovery approach 
based on the k-means algorithm.  
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Fig. 4. Principle of operation of k-means for multilevel signals.  
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subcarriers located at 4.8 and 4.6 GHz have their respective 
amplitudes 10 and 20 dB lower than the amplitude on the 
frequency spectrum of the central subcarrier as a consequence 
of the frequency response of the used AWG. This amplitude 
difference is also reflected in Fig. 6(a) and explained in the next 
paragraph. Fig. 5(b) shows an example of the constellation of 
demodulated 8PSK SCM signal for 11 dB 
optical-signal-to-noise-ratio (OSNR). The constellation points 
look clear and well separated.  
The bit error rate (BER) curves as a function of the OSNR 
for the three 8PSK SCM channels for back-to-back (B2B) and 
after 40 km of fiber transmission are presented in Fig. 6(a). At 
BER value of 10-3, OSNR penalties of 8 dB and 14 dB, 
compared to that of the subcarrier at 5GHz, can be observed for 
the subcarriers at 4.8 GHz and 4.6 GHz, respectively. This is 
due the difference in amplitude on the frequency spectrum 
between subcarriers shown in Fig. 5(a). 
 
For all three channels, a BER value below 10-3 is achieved 
after 40 km of fiber transmission. An OSNR penalty of 
approximately 2.5 dB for fibre transmission is observed 
compared to B2B, attributed mainly to chromatic dispersion as 
no signal impairment compensating algorithm was applied. 
Finally, Figure 6(b) shows the BER curve as a function of the 
OSNR for a single carrier at 5 GHz of a 312.5 Mbaud 16QAM. 
A BER value below 10-4 is achieved.    
V. CONCLUSION 
Successful signal demodulation of 8PSK SCM and a single 
carrier 16QAM using the proposed reconfigurable and low 
complexity RF carrier recovery scheme based on the k-means 
algorithm is experimentally demonstrated. Successful 
demodulation is achieved after 40 km of SMF transmission for 
a phase modulated radio-over-fiber link. The proposed digital 
carrier recovery approach shows prospect for unified 
networking platforms due its flexibility and low complexity 
implementation. 
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Fig. 5. (a) Frequency spectrum of the sampled complex optical signal 
before and after carrier-recovery DPLL. (b) Constellation of 
demodulated 50 Mbaud 8PSK SCM at 11 OSNR, subcarrier frequency 
5 GHz. 
8 10 12 14 16 18 20 22 24 26 28
4
3
2
Subcarrier Frequencies:
5 GHz:     B2B   After 40 km
4.8 GHz:  B2B  After 40 km
4.6 GHz:  B2B  After 40 km
-lo
g(
B
ER
)
OSNR [dB]
2.5 dB 8 dB
14 dB
 
(a) 
18 19 20 21 22 23 24 25 26
4
3
2
 16QAM, B2B
 16QAM, 40 Kms
-lo
g(
BE
R
)
OSNR [dB]
1.75 dB
 
(c) 
Fig. 6. (a) BER curves as a function of OSNR for the three 8PSK, 
SCM channels at 50 Mbaud optical phase-modulated RoF link for 
back-to-back and after 40 km of fiber transmission. (b) BER curve as a 
function of OSNR for a single carrier at 5GHz of a 312.5 Mbaud 
16QAM signal for back-to-back and after 40 km of fiber transmission. 
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Abstract:  A k-means algorithm for phase recovery of  three, 50 Mbaud, 8PSK 
subcarrier multiplexed signals at 5 GHz for optical phase-modulated 
radio-over-fiber is proposed and experimentally demonstrated after 40 km of 
single mode fiber transmission. 
©2009 Optical Society of America 
OCIS codes: (060.1660) Coherent communications, (120.5060) Phase modulation
1. Introduction:  
Sub-carrier multiplexing (SCM) with multi-level phase shift keying (PSK) modulation in coherently 
detected optical phase-modulated radio-over-fiber (RoF) systems allows for substantial increase of bit 
rates without increasing the symbol rate or the required bandwidth [1]. However, to accomplish it, an 
optical coherent receiver based on digital signal processing is required for linear signal demodulation 
[2, 3]. Recently, several digital coherent receiver schemes for single and multiple carrier transmission 
have been reported for intensity/phase modulated RoF links [1, 3, 4]. A major identified challenge for 
such systems is phase recovery in the presence of phase noise and other signal impairments [5]. Most 
of the considered approaches for phase recovery such as those based on maximum likelihood, 
decision-driven and non-data dependency schemes for PSK signals [3,6] face serious complexity 
challenges when moving to a higher number of phase levels or for other complex modulation 
formats [5]. In this paper, we propose and experimentally demonstrate a clustering algorithm called 
k-means [7] for radio-frequency (RF) phase recovery of multi-channel 8PSK multiplexed signals in 
optically phase-modulated RoF links. Since the operation principle of k-means is based on 
two-dimensional Euclidian distances and average operations on the data, it requires extraction of more 
statistical information, for example compared to the Viterbi & Viterbi algorithm. However; raising the 
complex data to the m-power for an m-level modulation format is not required [7]. We successfully 
demonstrate signal demodulation of 3 channels subcarrier multiplexed optically phase-modulated RoF 
link, employing 50 Mbaud 8PSK modulation of subcarriers around a 5 GHz frequency after 40 km of 
standard Single Mode Fibre (SMF) transmission. 
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Fig.1 (a) Experimental setup for demonstration of three-channel subcarrier-multiplexed phase-modulated optical signal, 
employing 50 Mbaud 8PSK modulation (frequency band: 4.6 GHz – 5.4 GHz) and using digital coherent detection. (b) Outline 
of the proposed RF phase recovery approach based on a k-means algorithm. 
2. Experimental setup 
The experimental setup for a phase-modulated radio-over-fibre optical link employing multi-channel 
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subcarrier modulation is shown in Fig. 1(a). In Fig. 1(a) it is also shown an example of a constellation 
diagram of a 50 Mbaud 8PSK data signal (5 GHz RF carrier frequency) recovered from the 
three-channel subcarrier-multiplexed phase-modulated optical signal after phase compensation. The 
transmitter consists of a tuneable Distributed Feedback Laser (DFB), with a linewidth of ~3 MHz in the 
range of 1550 nm. The output of the transmitter laser is then connected to an optical phase modulator 
(PM). We use an Agilent N8241A arbitrary waveform generator (AWG) to generate three 50 Mbaud 
8PSK modulated digital data streams. The generated digital data signals are then modulated onto 3 
subcarriers with frequencies at 0, 200 and 400 MHz. Square root of raised-cosine filter is applied to the 
digital data streams in order to limit the signal bandwidth and reduce Interference Inter-symbols (ISI) 
between subcarriers. The outputs of the AWG are I and Q components of the modulated subcarriers and 
are then simultaneously fed to the Vector Signal Generator (VSG) where they are up-converted to a 
5GHz carrier frequency. The output of the VSG is a 50 Mbaud multichannel SCM in the frequency 
range from 4.6 GHz to 5.4 GHz. The RF power driving the PM is set to 11 dBm. 
The optically phase modulated signal is launched into the optical fiber with an average power level 
of  -1.8 dBm and transmitted over 40 km. The received optical power level was measure to be 
-9.5 dBm. The fiber is a standard single mode fiber (SMF) type. As a Local Oscillator (LO), a tuneable 
external cavity laser is used, with ~100 kHz linewidth and 0 dBm input power was delivered to the 90° 
optical hybrid. The in-phase and quadrature resultant signals after the 90° optical hybrid are detected 
with two pairs of balance photodiodes, with 7.5 GHz 3-dB bandwidth. The detected photocurrents are 
digitized using a sampling oscilloscope at 40 Gs/s for offline processing. The employed digital receiver 
uses carrier-recovery digital phase-locked loop (PLL) [3], linear signal demodulation [3], and a 
subcarrier demodulation approach including a digital Hilbert transform [1], our proposed k-means 
algorithm is used for RF phase estimation and signal demodulation.  
3. The k-means algorithm for RF phase recovery   
Once the resultant I and Q signals, after coherent detection, are digitized and processed through the 
DPLL, the linear signal demodulator, the digital Hilbert transform and the Müller and Müller 
synchronizer [3], a set of n two-dimensional data points forming the 8PSK constellation is given. By 
estimating coordinates of clusters centres of the constellation, phase off-set estimation is a 
straightforward computation spatial coordinates of each cluster can be calculated. Fig. 1(b) shows the 
schematic diagram of our approach for RF recovery using k-means.  
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Fig.2 (a) Frequency spectrum of the sampled complex optical signal before and after carrier-recovery DPLL. (b) BER as function 
of OSNR for Viterbi & Viterbi and k-means phase estimators for subcarrier at 5 GHz for back-to-back and 40 km transmission. 
For each complex 8PSK data point, its two-dimensional Euclidian distance to every initial cluster 
centre CI,k, CQ,K (fixed from an initial subset of data points) is computed by squaring the arithmetical 
difference to the reference centres coordinates and adding up results from both the In-phase and 
Quadrature components. A complex data point is assigned to a class k centre to which its distance is the 
shortest. Subsequently, the cluster centres are refined iteratively by calculating the average value of 
centres in each class per iteration.   
4. Experimental Results 
Fig. 2(a) shows the frequency spectrum of the three-channel subcarrier-multiplexed phase-modulated 
optical signal. It is shown that the reconstruction of the whole optical field is achieved after removing 
the frequency offset between the lasers by the DPLL.  Double-sideband subcarriers occupying the 
frequency range from 4.6 to 5.4 GHz are clearly observed in the shown frequency spectrum. Fig. 2(a) 
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also shows that the subcarriers located at 4.8 and 4.6 GHz have their respective amplitudes 10 and 20 
dB lower than the amplitude of the central subcarrier as a consequence of the frequency response of the 
used AWG. This amplitude difference is also reflected in Fig. 3(a) and explained in the next paragraph. 
Figure 2(b) shows the BER curves for the subcarrier located at 5 GHz, after phase compensation, using 
the proposed k-means and a Viterbi & Viterbi phase estimators. No substantial difference is observed 
between Viterbi & Viterbi and k-means performance confirming its good operation.  
In addition to the multichannel subcarrier (MSC) scenario, we consider for the back-to-back (B2B) 
case a single carrier (SC) at 5GHz carrier frequency for reference purposes. The BER curves for B2B 
transmission for MSC/SC are presented in Fig. 3(a). For a fixed RF power driving the PM, there is a 
penalty of 3 dB between the carrier at 5GHz transmitted in a SC and MSC configuration. At BER value 
of 10-3, OSNR penalties of 8 dB and 14 dB, compared to that of the subcarrier at 5GHz for the MSC 
scenario, can be observed for the subcarriers at 4.8 GHz and 4.6 GHz, respectively. This is due the 
difference in amplitude between subcarriers shown in Fig. 2(a). For the 40 km fibre transmission case, 
we consider only MSC simultaneous transmission. In Fig. 3(b), the BER curve of each demodulated 
individual subcarrier channel is computed as a function of OSNR after transmission. For all three 
channels, a BER value below 10-3 is achieved. Compared to the subcarrier at 5GHz, the subcarriers at 
4.8 GHz and 4.6 GHz experience OSNR penalties of 8 dB and 13 dB respectively. A OSNR penalty of 
approximately  2 dB for after fibre transmission is observed compared to back-to-back attributed 
mainly to chromatic dispersion as no signal impairment compensating algorithm was applied.   
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Fig.3 (a) Back-to-back BER curves as a function of OSNR for a single carrier at 5 GHz carrier frequency and for the three 8PSK, 
SCM channels at 50 Mbaud optical phase-modulated RoF link. (b) BER curves as a function of OSNR for the three channels 
SCM channels after 40 km of fibre transmission.   
5. Conclusions 
Successful signal demodulation of three channels subcarrier multiplexed signal, using a proposed 
k-means algorithm for RF phase recovery,  for 50 Mbaud, 8PSK modulation (frequency band: 4.6 
GHz – 5.4 GHz), has been experimentally shown after 40 km of SMF transmission for a phase 
modulated radio-over-fiber link. The proposed k-means algorithm for RF phase recovery shows 
prospect for operation with higher order modulation formats due its flexible configurationally and 
simplicity for digital implementation.     
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Abstract 
A joint RF frequency and phase offset compensation based on the k-means algorithm 
for digital coherent receivers for optical phase-modulated (PM) radio-over-fiber 
(RoF) signals is proposed and experimentally validated. The algorithm estimates the 
phase rotation on the constellation diagram between consecutive time-blocks of the 
received signal followed by subsequent phase de-rotation of each time-block 
constellation diagram.  The proposed algorithm compensates up to 30 kHz of 
frequency offset using 500 data-symbols per time-block and is experimentally 
validated on 8-phase-shift-keying (8PSK) modulation format signals after 40 km of 
optical transmission. 
 
Keywords: carrier recovery; radio-over-fiber; coherent communication; digital 
receivers component 
 
 
 
 
 
 
 
 
 
 
 
 
 1. Introduction 
Optical phase-modulated (PM) radio over fiber (RoF) systems are a promising 
candidate for next generation broadband access networks in a range of applications 
such as last mile solutions for delivering integrated service to end-users as well as 
extend the existing radio coverage and capacity by simplifying antenna base station 
(see Fig. 1) [1]. However, optical PM links require an optical coherent receiver 
combined with digital signal processing (DSP) modules for detection and linear signal 
demodulation [1, 2]. Furthermore, the integration of DSP modules into coherent 
receivers has brought additional benefits to PM RoF links. For instance, the increase 
on spur-free dynamic range (SFDR) compared to intensity-modulation direct-
detection (IM-DD) [3] and optical transmission of advanced modulated radio-
frequency (RF) signals [4] are straight consequences of having the optical field fully 
mapped into the electronic domain for further signal processing.  
Such electronic processing for PM RoF systems can be classified into two stages: 
optical and RF frequency/phase offset compensation. This fact is because PM RoF 
systems have the information encoded into the phase of a RF carrier which then 
modulates the phase of the optical carrier. The first module (the digital phase-locked-
loop, DPLL [2, 5]) removes the frequency/phase offset between the local oscillator 
(LO) and the optical carrier. Then, a second module is needed to remove the RF phase 
offset (RF carrier recovery) before signal demodulation. Carrier recovery (CR) is one 
of the most essential DSP functions in digital coherent receivers. CR consists of 
tracking and compensating rotations of the received constellation due to the phase 
mismatch between the transmitted signal and the local carrier used for frequency 
down-conversion at the receiver [6]. The Viterbi-and-Viterbi algorithm [7] has been 
widely used for CR assuming constant carrier phase within the consecutive fourth 
powered symbols used for estimating the phase-offset. Lately, several CR algorithms 
have been proposed including feedback phase-locked loop and feedforward phase 
estimation [8]. 
However, time-varying rotations of the constellation diagram caused by 
uncompensated optical frequency offset between the LO and the optical carrier 
(usually in the order of kHz) reduce the estimation performance of RF carrier 
recovery schemes. In fact, the DPLL used in the first stage for optical 
frequency/phase offset compensation is limited to track frequency-offset values in the 
range of kHz due the very high computational cost required by numerical methods to 
increase the resolution of the spectral analysis of the signal. 
Recently, we have proposed for digital demodulation of PM RoF signals a 
reconfigurable RF carrier recovery approach based on the k-means algorithm for 
quadrature phase shift keying (QPSK), 8PSK and 16 quadrature amplitude modulated 
(QAM) RF signals [4]. The k-means is a clustering algorithm applied on the 
constellation diagram where the RF phase-offset (see Fig. 3) is estimated by 
calculating the angle of centroids belonging to each cluster (complex data-symbols on 
the constellation diagram) [9].  
 In this paper we propose a joint RF frequency/phase offset compensation based on 
the k-means algorithm. The proposed approach is able to track up to 30 kHz of 
frequency offset using 500 data-symbols per time-block for 312.5 Mbaud 8PSK RoF 
signal after 40 km of optical transmission. Additionally, the parallel structure of the 
proposed scheme allows iterative RF carrier recovery simplifying even more the 
digital receiver.  
 
2. Experimental details 
The experimental setup for a phase-modulated radio-over-fibre optical link 
employing 8PSK RF carrier modulation is shown in Fig. 2. The transmitter consists of 
a tuneable Distributed Feedback Laser (DFB), with a linewidth of ~3 MHz in the 
range of 1550 nm. The output of the transmitter laser is then connected to an optical 
phase modulator (PMod). We use an Agilent N8241A arbitrary waveform generator 
(AWG) to generate a 312.5 Mbaud 8PSK modulated digital data stream. Square root 
of raised-cosine filter is applied to the digital data in order to limit the signal 
bandwidth and reduce Interference Inter-symbols (ISI). The RF power driving the 
PMod is set to 11 dBm. The In phase (I) and Quadrature (Q) components outputs of 
the AWG are then simultaneously fed to the Vector Signal Generator (VSG) where 
they are up-converted to a 5GHz carrier frequency. The optically modulated PM 
signal is launched into the optical fiber with an average power level of -1.8 dBm and 
transmitted over 40 km. The received optical power level was measure to be -9.5 
dBm. The fiber is a standard single mode fiber (SMF) type. As a Local Oscillator 
(LO), a tuneable external cavity laser is used, with ~100 kHz linewidth. Input power 
of 0dBm was delivered to the 90° optical hybrid. The in-phase and quadrature 
resultant signals after the 90° optical hybrid are detected with two pairs of balance 
photodiodes, with 7.5 GHz 3-dB bandwidth. The detected photocurrents are digitized 
using a sampling oscilloscope at 40 Gs/s for offline processing. 
 
3. The Proposed Frequency and Phase Offset Compensation Algorithm 
Fig. 3 shows the schematic diagram of the proposed frequency/phase offset 
compensation for a QPSK signal in presence of remained frequency offset. For a large 
number of data-samples, time-varying rotations on the constellation diagram due to 
uncompensated frequency-offset from the DPLL causes spreading effects on data-
symbols (clusters). Such spreading effect (see Fig. 3 left side) increases the number of 
errors because the overlapping of rotated noisy data-symbols (y). To reduce the effect 
of remaining frequency-offset on the RF signal, we proposed to compensate the phase 
rotation between consecutive time-blocks of the signal by using the k-means 
algorithm [10]. The k-means is a scalable and flexible clustering algorithm which 
estimates centroids of clusters on a two dimensional (2D) space (the constellation 
diagram). Since the phase-offset is a rotation of the whole 2D constellation diagram of 
RF signals, k-means can be used for phase-offset estimation by calculating the angle 
of centroids after the clustering process [9].  
Fig. 3 (right side) and Eq. 1 illustrates the splitting process of an initial 
constellation formed by 2N data samples (Fig. 3, left side) into two consecutive time-
blocks containing each of them N data symbols (the dark and the clear time-blocks).  
(1: 2 ) [ (1: ), ( 1: 2 )]clear darky N y N y N N= +   (Eq. 1) 
The maximum frequency-offset value to be estimated given a certain number of 
data-symbols per time-block can be calculated by applying the Eq. 2. The constant k  
for PSK signals is proportional to the maximum allowed symbol phase-deviation on 
the constellation diagram without interfering neighbour symbols (for instance, / 8π  
for 8PSK signals). The constant k  for 8PSK signals is equal to 1/16 . Therefore, 
frequency-offset compensation using 500 data-symbols per time-block removes 
frequency-offset values up to 40 kHz for 312.5 Mbaud 8PSK signals under very high 
optical signal-to-noise ratios.  
__
.( / )
Baud rateFrequecy Offset
k data symbols time block
= − −   (Eq. 2) 
To estimate the centroid of each PSK cluster, the proposed RF carrier recovery 
based on the k-means algorithm [9] is applied separately to the two constellations for 
estimating phase-offset values α  and β . The time-varying phase rotation represented 
by the angular difference α β−  is removed by de-rotating the constellation of the 
time-block ahead in time (ydark) by α β−  degrees. Therefore, the new time-block 
represented by darky  is obtained by applying the Eq. 3.  
( )j
dark darky y e
α β− −=   (Eq. 3) 
 
4. Results 
Fig. 4 shows an example of the constellation of demodulated back-to-back (B2B) 
8PSK RF signal for an optical-signal-to-noise-ratio (OSNR) of 18 dB at 0.1-nm 
resolution bandwidth before and after frequency/phase offset compensation. In Fig. 
4(a) it is seen the spreading effect on clusters produced by the uncompensated 
frequency offset. By splitting the RF signal into blocks of 1000 complex 8PSK data-
symbols and processing each of them following the approach illustrated in Fig. 3, 
clusters become more separated as it is shown in Fig. 4(b). 
The bit error rate (BER) curves as a function of the OSNR for the 312.5 Mbaud 
8PSK RoF signal with and without frequency offset compensation after 40 km of 
fiber transmission are presented in Fig. 5(a). The 8PSK constellation composed of 
4.075 8PSK data-symbols (32.600 bits) is partitioned into time-blocks of 500 data 
symbols each, for frequency offset compensation. An improvement of 2.7 dB in the 
system performance is observed after frequency offset compensation. 
To analyze the impact of the length of time-blocks in the performance of the 
proposed approach, we calculate the BER curve as a function of the number of data-
symbols per time-block for two different values of OSNR at 0.1-nm resolution 
bandwidth (Fig. 5(b)). By generating a controlled frequency offset of 10 kHz at the 
digital receiver, we observe for both cases (20 dB and 22 dB of OSNR) a decrease of 
one order in the BER value (from 10-4 to 10-3) when the length of time-blocks is 
twice longer. The optimum length of the time-blocks must be estimated before signal 
demodulation (calibration stage) with a minimum value of 200 data-symbols to 
guarantee k-means convergence.  
Fig. 6 shows the measured BER curve as a function of different controlled 
frequency-offset added at the digital receiver for three different values of OSNR. BER 
values below 10-3 are achieved up to 30 KHz of frequency offset for all three cases of 
OSNR (18 dB, 20 dB and 22dB). The length of time-blocks was fixed at 500 data-
symbols.  
 
5. Conclusions 
We have proposed and experimentally demonstrated a joint frequency and phase 
offset compensation algorithm for digital coherent receivers for optical phase-
modulated radio-over-fiber systems. Our approach is based on iterative phase de-
rotation of the constellation diagram of consecutive time-blocks of the RF signal. The 
partitioning process of signals allows a parallel implementation of the proposed 
compensation algorithm relaxing computational costs in future real time applications. 
Successful demodulation for frequency offset values up to 30 kHz on a 312.5 Mbaud 
8PSK phase-modulated radio-over-fiber signal is demonstrated after 40 km of 
transmission. 
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Figure captions 
 
Fig 1. Next generation broadband access networks supporting mixed services, mix bit 
rate and diverse modulation formats. 
 
 
Fig.2. Experimental set-up for the demonstration of coherent phase-modulated RoF 
optical link. PBS: polarization Beam Splitter, VSG: Vector Signal Generator. 
 
 
Fig.3. Schematic diagram of the proposed frequency and phase offset compensation 
approach 
 
Fig.4. (a) 8PSK constellation diagram without frequency offset compensation. (b) 
8PSK constellation diagram after frequency offset compensation. 
 
 Fig.5. (a) BER curves as a function of OSNR at 0.1-nm resolution bandwidth with 
and without frequency offset compensation after 40 km of optical fiber transmission. 
 
 
Fig.5 (b) BER curves as a function of the number of data-symbols per time-block for 
two different values of OSNR at 0.1-nm resolution bandwidth (20 dB and 22 dB) after 
40 km of fiber transmission. 
 
 
 Fig.6. BER curves as a function of frequency offset values for three different 
conditions of OSNR at 0.1-nm resolution bandwidth (18 dB, 20 dB and 22 dB). 
 
 
 
i
i
\main_NGGO" | 2011/2/14 | 22:22 | page 96 | #116 i
i
i
i
i
i
i
i
\main_NGGO" | 2011/2/14 | 22:22 | page 95 | #115 i
i
i
i
i
i
Paper 7: Cognitive digital
receiver for burst mode phase
modulated radio over ber links
Guerrero Gonzalez Neil, Zibar Darko, Tafur Monroy Idelfonso. \Cognitive
digital receiver for burst mode phase modulated radio over ber links",
in the 36th European Conference on Optical Communication, ECOC'2010,
Torino, Italy, Paper P6.11, September 2010.
95
i
i
\main_NGGO" | 2011/2/14 | 22:22 | page 96 | #116 i
i
i
i
i
i
Cognitive Digital Receiver for Burst Mode Phase Modulated 
Radio over Fiber Links 
Neil Guerrero Gonzalez(1), Darko Zibar(1) and Idelfonso Tafur Monroy(1) 
(1) DTU Fotonik, Technical University of Denmark, Kgs. Lyngby, Denmark, nggo@fotonik.dtu.dk  
 
Abstract A novel cognitive receiver for modulation format recognition with reconfigurable carrier 
recovery scheme is proposed and experimentally demonstrated for phase modulated radio-over-fibre 
links. Demodulation of burst-mode mixed modulation formats (PSK and QAM) is demonstrated after 
40km of transmission.
Introduction 
The next generation of broadband access 
networks is striving for a convergence of wired 
and wireless service delivery to the end users 
over a unified networking platform1 (see Fig. 1). 
In addition to the increasing demand for greater 
bandwidth, in combination with diverse 
modulation formats and mixed bit rates of 
emerging services, access networks will need to 
be flexible while keeping the overall cost and 
complexity low2. The challenge of designing 
digital receivers compatible with different 
standards has started to be addressed by the 
Wireless Personal Area Networks (WPAN)2 
research community. However, in current 
WPANs, bit rates are low. For the next 
generation hybrid wireless-optical links which 
rely on radio-over-fiber (RoF) systems, a new 
set of challenges is added such as high-bit-rates 
and signal distortions from both the optical 
channel and the wireless environment. To our 
knowledge, no solutions for cognitive receivers 
for radio-over-fibre links employing optical phase 
modulation have been reported so far. 
 
Fig. 1: Next generation broadband access networks 
supporting mixed services, mix bit rate and diverse 
modulation formats. 
 
In this paper, we propose a cognitive digital 
receiver capable of signal modulation format 
recognition with corresponding reconfigurable 
carrier recovery scheme for phase shift keying 
(PSK) and quadrature amplitude modulated 
(QAM) signals. We experimentally demonstrate 
its successful operation for an optically phase-
modulated RoF link transporting bursts of mixed 
modulation formats at 312.5 Mbaud QPSK, 
8PSK and 16QAM data payloads. Error free 
operation achieved including 40 km of fiber 
transmission. 
 
Setup Description 
The experimental setup for a phase-modulated 
RoF optical link transporting burst mode mixed 
modulation formats (QPSK, 8PSK and 16QAM) 
is shown in Fig. 2. The transmitter consists of a 
tuneable Distributed Feedback Laser (DFB), 
with a linewidth of ~3 MHz in the range of 1550 
nm. The output of the transmitter laser is then 
connected to an optical phase modulator (PM). 
We use an Agilent N8241A arbitrary waveform 
generator (AWG) to generate bursts of 312.5 
Mbaud QPSK, 8PSK and 16QAM modulated 
digital data streams (see Fig. 2).  
 
Each burst is comprised of a 200-bit 
preamble of alternating ones and zeros and 
 
16QAM 8PSK QPSK
Preamble
PayloadGuard
PM
3 dB
ASE
source
Tunable LO
PBS
Cognitive Digital Coherent Receiver
RF 5 GHz
AWG
40 Km
+
VSG
 
Fig. 2: General outline for the experimental setup 
for demonstration of burst mode mixed modulation 
formats phase-modulated RoF signals using the 
cognitive digital receiver. 
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4000 symbols data payload. The 200-bit burst 
tail may also be used to facilitate the reception 
of a burst payload of an unknown length. The 
outputs of the AWG are the In-phase and 
Quadrature (I&Q) components of the modulated 
burst signal and are then simultaneously fed to 
the Vector Signal Generator (VSG) where they 
are up-converted to a 5GHz carrier frequency.  
 
The radio frequency (RF) power driving the 
PM is set to 10 dBm. The optically phase 
modulated signal is launched into the optical 
fiber with an average power level of  -11 dBm 
and transmitted over 40 km of standard single 
mode fiber (SMF). The received optical power 
level was measured to be -19 dBm. As Local 
Oscillator (LO), a tuneable external cavity laser 
is used, with ~100 kHz linewidth and 0 dBm 
input power was delivered to the 90° optical 
hybrid. The in-phase and quadrature resultant 
signals after the 90° optical hybrid are detected 
with two pairs of balance photodiodes, with 7.5 
GHz 3-dB bandwidth. The detected 
photocurrents are digitized using a sampling 
oscilloscope at 40 GSa/s for offline processing. 
The employed cognitive digital receiver uses 
optical carrier-recovery digital phase-locked 
loop3 (PLL), linear signal demodulation3, a 
subcarrier demodulation approach including a 
digital Hilbert transform3 and our proposed 
signal modulation format recognition algorithm 
followed by a reconfigurable radio frequency 
(RF) carrier recovery scheme based on the k-
means algorithm; as explained in the next 
section. 
 
The Cognitive Digital Receiver 
Fig 3 shows the schematic diagram of a generic 
cognitive process model and the corresponding 
functions in our proposed cognitive digital 
receiver. Digitized I&Q samples enter the 
cognitive receiver. The signal modulation format 
recognition (SMFR) is based on the statistical 
analysis of the signal and will provide the 
updating information to the carrier recovery 
module for subsequent demodulation. A first 
step is the estimation of the number of clusters 
on the two-dimensional (2D) I&Q constellation 
diagram and the number of levels on the 
histogram (hypothesis stage). The operation of 
finding the number of clusters is achieved by the 
k-means clustering algorithm on the 
constellation diagram. According to the generic 
cognitive process depicted in Fig. 2 (left) a 
testing stage based on rules follows.  
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Rules for format recognition judgement are 
derived according to modulation type 
characteristics and stored on a knowledge 
database. For example, for PSK and QAM 
signals, the number of levels on the magnitude 
histogram and the number of clusters on the 
constellation diagram are the two criteria to be 
judge for recognition of modulation format. 
Format identification among QAM and PSK 
signals is based on the number of levels (first 
rule) on the magnitude histogram. In the case of 
format identification between m-PSK modulation 
formats, a rule of symmetry must be satisfied for 
clusters recognized by the k-means algorithm. If 
the rule is not satisfied, the initial state of the k-
means algorithm (the number of clusters 
expected to be found) is varied. This k-means 
re-initialization plays the role of the learning 
process in our cognitive receiver and it will go 
through all possible formats in the knowledge 
database until successful identification is 
achieved. Successful signal modulation format 
identification is achieved when the symmetry 
condition is satisfied for the number of clusters 
 
Fig. 3: Schematic diagrams of a cognitive process 
model and a Cognitive receiver. 
 
θ
 
Fig. 4:  Carrier recovery scheme for 16QAM signals. 
P6.11
found on the constellation.  
 
Reconfigurable Carrier Recovery 
The ability to demodulate signals with different 
modulation formats requires reconfigurable 
carrier recovery schemes. We adjust the input 
signal to the k-means algorithm for carrier 
recovery of square QAM signals by extracting 
symbols from the constellation with the lowest 
amplitude level on the magnitude histogram. 
Extracted symbols are treated as a sub-QPSK 
constellation and k-means carrier recovery is 
applied4. Fig 4 illustrates the principle of 
operation of k-means for a rotated 16QAM 
signal.  
 
Results 
 
  
Fig 5 shows the results for signal modulation 
format detection for the case of three bursts of 
4000-symbols data payloads each with 
alternating 16QAM, 8PSK and QPSK 
modulation formats. For this work 3500 symbols 
are used for recognition of modulation format. 
The SMFR is implemented as a sliding time-
window. Modulation format recognition 
performance is shown over time (for the 
receiver) and it is consistent to the burst-mode 
signal transmitted. To demonstrate the 
performance of the cognitive feature of our 
digital receiver, we show in Fig 6 the bit error 
rate (BER) curves for back-to-back (B2B) and 
after 40 km of fiber transmission as a function of 
the optical signal to noise ratio (OSNR). For all 
three data payloads with alternated modulation 
formats a BER value below 10-3 is achieved for 
both scenarios.  The difference on OSNR 
penalty for the QPSK data payload after 
transmission on Fig 6(b) is caused by burst 
power variations.     
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Fig. 6: (a) Back-to-back BER curves as a function of 
OSNR for all three payloads with alternated 
modulation formats at 312.5 Mbaud optical phase-
modulated RoF link. (b) BER curves as a function of 
OSNR after 40 km of fibre transmission. 
 
Conclusions 
We experimentally demonstrated a cognitive 
digital receiver with integrated functions for 
signal modulation format recognition and 
reconfigurable carrier recovery based on the k-
means algorithm. Successful demodulation of 
burst-mode mixed QPSK, 8PSK and 16QAM 
modulation formats in a phase-modulated RoF 
link is demonstrated after 40 km of transmission. 
The proposed cognitive digital receiver shows 
prospect for next generation access networks 
due its adaptability and flexibility. 
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Fig. 5: Signal modulation format recognition for 
three data payloads with alternated QPSK, 8PSK 
and QAM modulation formats. 
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Abstract:  Single reconfigurable DSP coherent receiver is experimentally demonstrated for 
mixed-format and bit-rates including QPSK, OFDM, IR-UWB for wireline and wireless signal 
types. Successful transmission over a deployed fiber link is achieved.  
OCIS codes: (060.1660) Coherent communications, (120.5060) Phase modulation
1. Introduction:  
Next generation metro-access networks will need to support diverse broadband services including converged 
wireless and wireline optical access over a unified fiber platform, satisfying bandwidth requirements [1] as well as 
fulfilling stringent power budget and chromatic dispersion constrains [2]. Another important attribute of future 
metro-access networks is agile re-configurability to seamlessly accommodate for emerging new services and 
increased bandwidth requirements [1]. Furthermore, the introduction of mixed modulation formats, bit-mixed rates, 
support for burst mode transmission into the metro-access networking scenario is creating a highly heterogeneous 
environment that represents a new challenge to tackle in the near future. Approaches looking for solutions to one or 
more of the above issues are radio-over-fiber systems for integrating baseband and wireless service delivery over 
optical fiber access networks [3]. Another approach is developing multi-rate receivers for optical network units 
(ONUs) from 2.5 Gbit/s-40 Gbit/s to accommodate for mixed bit-rate or service bit-rate on demand [4]. Another 
promising approach proposed recently is coherent detection based passive optical networks to support closely 
spaced channels with increased receiver sensitivity to cope with the required large number of users and to extend the 
reach of metro-access networks [5]. Although experimental demonstrations of converged service delivery have been 
reported in the literature [2, 3] they use a dedicated receiver for each modulation or bit-rate. In this paper we present 
and experimentally demonstrate a single, reconfigurable, digital receiver supporting mixed modulation formats, 
baseband and wireless-over-fiber, with reconfiguration in the digital signal processing domain. We successfully 
demonstrate its operation for 20 Gbps non-return-to-zero quadrature phase-shift keying (NRZ-QPSK), optically 
phase-modulated 5 GHz OFDM radio-over-fiber and 2 Gbps impulse radio ultrawideband (IR-UWB), and 5 Gbps 
directly modulated vertical cavity surface emitting laser (VCSEL) after 78 km of deployed fiber link.  
 
 
Fig.1 Experiment layout, showing optical and electrical RF spectra at key points; route of installed optical fiber are also shown. 
Reconfigurable receiver construction allows local oscillator (LO) tuning for channel selection. PPG: pulse pattern generator; 
ArbWave: arbitrary waveform; VSG: vector signal generator. 
2. System description 
Fig. 1 shows a block diagram of the heterogeneous optical network and setup used in the experiment. The 
field-deployed fiber connects the Kgs. Lyngby campus of the Technical University of Denmark (DTU) and the 
Taastrup suburb of Copenhagen. The fiber is a G.652 standard single-mode fiber (SMF) type (16.5 ps/nm km 
chromatic dispersion, 0.20 dB/km attenuation). The total link loss was 27 dB. ITU standard operating wavelengths 
were used for all channels at 200 GHz separation due to equipment availability. Total launch power into the 
deployed fiber was kept to +4 dBm. At the receiver side, emulating the central office, an erbium doped fiber 
amplifier (EDFA) was used as preamplifier followed by an optical bandpass filter to reduced ASE noise. The optical 
power level to the receiver was set to -11 dBm. A tunable external cavity laser was used as local oscillator (LO) for 
all the received signal types; with a linewidth of 100 kHz. The in-phase and quadrature signals after the 90° optical 
hybrid were detected with two pairs of balanced photodiodes, having full width at half maximum bandwidth of 7.5 
GHz. The detected photocurrents were digitized using a sampling oscilloscope at 40 GSa/s for offline processing. 
The employed single digital receiver used a digital dispersion compensation module followed by an optical 
carrier-recovery digital phase-locked loop (PLL) and linear signal demodulation [6] for phase-modulated OFDM 
and IR-UWB RoF subsystems. Instead of a DPLL, a frequency offset compensation module was used for the 
NRZ-QPSK optical signal. Reconfiguration for each modulation format was performed by digitally switching 
between the signal demodulation DSP blocks. Below we present the set-up for each of the signal formats considered. 
 Gbps Intensity-modulated VCSEL: a pulse pattern generator (PPG) at 5 Gbps directly modulated a 1550 nm 
VCSEL. Single drive configuration was used for the VCSEL with a driving peak-peak voltage of 1 V. A pseudo 
random binary sequence (PRBS) with a length of 215-1 was used for this experiment. The bias current of the VCSEL 
was used to tune the wavelength to the assigned AWG channel. Bias current was set to 14 mA. The output power of 
the VCSEL launched into the fiber was measured to be 0.5 dBm. 
20 Gbps QPSK baseband: the transmitter of the baseband QPSK subsystem included a PPG to providing a 
PRBS (215-1) and a MZ modulator to generate a QPSK signal at the wavelength of 1550.5 nm. The value of the 
signal laser linewidth was 2 MHz.  
2 Gbps phase-modulated IR-UWB: an Arbitrary Waveform Generator (AWG) with 24 GSa/s sampling rate 
was utilized to program a 5th order derivative Gaussian pulse for good compliance with FCC mask [7]. A PRBS 
with a word length of 211-1 with bipolar modulation at a bit rate of 2 Gbps was used. The UWB signal was 
transmitted using a Skycross omni-directional antenna (SMT-3TO10M-A, 0dBi gain) and received after 1 m 
wireless transmission by a Geozondas directive antenna (AU-3.1G10.6G-1, from +4.65 dBi to +12.4 dBi gain within 
the UWB frequency range). The received signal was amplified by a low noise amplifier, filtered by a high-pass filter 
and then amplified again to drive the optical phase modulator. The wavelength of this channel was set at 1552.54 nm. 
The DSP algorithm in the receiver side included matched filtering and a decision block.  
5 GHz OFDM RoF: the OFDM baseband signal was generated in software using a 215-1 PRBS as input data 
stream. 256 4-QAM subcarriers were used with 26 samples (10%) cyclic prefix per OFDM symbol. The OFDM 
frame is composed of two Schmidl training symbols [8] followed by eight data symbols. The signal was fed to an 
AWG with a 1.25 GSa/s rate which results in a bit rate of 500 Mbps. The signal is then upconverted to a frequency 
of 5 GHz using a free-running Vector Signal Generator (VSG) whose output is amplified to drive an optical phase 
modulator supplied with a continuous wave (CW) light at 1553.78 nm. At the receiver, the DSP algorithm 
implemented a digital PLL, timing offset estimation using a smoothed Schmidl timing metric followed by a carrier 
frequency offset estimation [8]. The training sequence enabled equalization of each OFDM sub-channel. 
3. Results   
To demonstrate the performance of our reconfigurable digital coherent receiver, we show in Fig. 2 the measured bit 
error rate (BER) curves for back-to-back (B2B) and after 78 km of deployed fiber transmission (considering both 
single and all simultaneous channel performance) as a function of the received optical power. For all four 
subsystems, a BER value below 10-3 (FEC threshold) is achieved for all considered scenarios. 5 Gbps coherently 
detected, intensity-modulated VCSEL: as we can see in Fig. 2(a), the VCSEL coherently detected subsystem 
achieves a sensitivity of -24 dBm for both B2B and 78 km deployed fiber. Chromatic dispersion was completely 
compensated by DSP, and no penalty was appreciated compared with the B2B case. 20 Gbps QPSK baseband: Fig. 
2(b) shows that fiber transmission incurred 1 dB power penalty (at 10-3 BER) difference. Moreover in the 
simultaneous presence of the other three channels, there was an observable 0.5 dB penalty both for back to back and 
after transmission; however the reconfigurable receiver showed successful operation. 
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Fig.2 Measured BER performances for (a) 5 Gbps intensity-modulated VCSEL, (b) 20 Gbps QPSK baseband, (c) 2 Gbps phase-modulated 
IR-UWB, and (d) 5 GHz OFDM RoF. 
 
2 Gbps phase-modulated IR-UWB: as shown in Fig. 2(c) the measured BER performances of the UWB 
subsystem were consistent for all cases. Errors occurred when the received optical power was less than -21.5 dBm. 
The BER performance is below the FEC limit when the received power was higher than -23 dBm. 5 GHz OFDM 
RoF: Fig. 2(d) shows that for the case of four simultaneously integrated channels, OFDM suffered nearly 0.5 dB of 
power penalty, for both B2B and 78 km fiber transmission compared to single OFDM channel transmission yielding 
a receiver sensitivity at a BER of 10-4 of 28 dBm for the B2B system, and -27.5 dBm for the 78 km optical 
transmission link, respectively. The reconfigurable receiver showed stable operation for the 4-QAM OFDM RoF 
subsystem. 
4. Conclusions 
A single reconfigurable DSP enabled coherent receiver is experimentally demonstrated for mixed modulation 
formats and bit rates. In our reported experiment, four different types of wireline and wireless services including 20 
Gbps QPSK baseband, 5Gbps OOK, 5 GHz OFDM RoF and 2 Gbps IR-UWB are successfully demodulated after 
transmission over 78 km deployed fiber link. The receiver used the same optical front-end, is able to switch among 
baseband and wireless types of signals by DSP reconfiguring to baseband only. This demonstrated digital 
reconfigurable coherent receiver has potential to enable unified support for signal detection on highly heterogeneous 
next generation metro- access networks.  
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Abstract: Successful digital coherent demodulation of asynchronous optical phase-modulated 
adaptive order QAM (4, 16 and 64) OFDM signals is achieved by a single reconfigurable digital 
receiver after 78 km of optical deployed fiber transmission.  
OCIS codes: (060.2330) Fiber optics communications; (060.2360) Fiber optics links and subsystems; (060.5060) Phase 
modulation. 
1. Introduction 
Orthogonal frequency division multiplexing (OFDM) is a promising modulation format for optical communications, 
as it provides large immunity to chromatic dispersion (CD) and polarization mode dispersion (PMD) effects and also 
provides high spectral efficiency [1-3]. This is due to the fact that OFDM implements a large number of orthogonal 
radio frequency (RF) subcarriers, each having a lower symbol rate than the bit rate of the message source [1,2]. 
Recently, coherent detection optical OFDM (CO-OFDM) using digital signal processing (DSP) has been proposed 
as a promising alternative to maximize the spectral/power efficiency by exploiting the advantages of digital signal 
processing (DSP) such as linear and nonlinear fiber impairments compensation in the digital domain and software 
reconfigurability [2,3]. 
So far optical intensity modulation for CO-OFDM has been dominantly employed due to its simplicity; however, 
it suffers from higher sensitivity to fiber nonlinearities due to the relative large peak-to-average power ratio [1]. 
Optical phase modulation (PM) has the potential to improve robustness to fiber nonlinearities by encoding the 
information in the optical phase and thus maintaining a constant optical power. Furthermore, optically phase-
modulated links can also potentially enable large dynamic range, high-capacity and higher spectral efficiency for 
transmission of microwave radio frequency (RF) signals over optical fiber links [3-6]. 
In this paper, we report on the use of optical phase modulation for CO-OFDM transmission links supported 
by a reconfigurable DSP receiver that allows for adaptation of the modulation order of the transmitted signal. 
We demonstrate performance using QAM constellations having 4, 16 and 64 points. We report on experiments 
employing 78 km of SMF deployed fiber and 40 km of SMF. For all reported experiments, a bit error rate (BER) 
value better than 10-3 was achieved for all employed OFDM subcarriers; complying with the forward error 
correction (FEC) limit. Our results demonstrate the transmission robustness of phase modulated OFDM links and 
their potential for use in scenarios with need for flexible modulation format assignment to subcarriers. 
2. System Setup 
The general outline of the experimental setup for the adaptive order 4-QAM, 16-QAM and 64-QAM phase-
modulated (PM) coherent optical (CO) OFDM link is shown in Fig. 1. The PM CO-4QAM-OFDM signal was 
transmitted over 78 km of field-deployed fiber while a standard single mode fiber (SMF) was employed for optical 
transmission of the PM CO-16QAM-OFDM signal.  
The baseband adaptive order n-QAM OFDM signal was obtained from a pseudorandom binary sequence (PRBS) 
of length 215−1 bits. In all cases, 256 subcarriers without oversampling were used with 26 samples (10%) cyclic 
prefix per OFDM symbol. OFDM frame is composed of two Schmidl training symbols [7], followed by eight data 
symbols. The use of these two training symbols makes receiver independent of transmitter synchronization and 
allows us to avoid a clock reference for synchronizing the arbitrary waveform generator (AWG) and digital storage 
oscilloscope (DSO) in our experimental setup. 
The software-generated OFDM baseband signal was upsampled by a factor of 5 and fed to a 1.25 GSa/s AWG. 
Resultant electrical OFDM signal with a bit rate of 0.5 Gb/s for 4-QAM and 1 Gb/s for 16-QAM were upconverted 
to a carrier frequency of 5 GHz and a 6 GHz respectively by using a free-running Vector Signal Generator (VSG). 
The output power of the VSG was fixed at −25 dBm. Output of the VSG was then amplified to 2 dBm and used to 
drive an optical phase modulator (PM) supplied with a continuous laser (CW) laser at 1553.78 nm. At the receiver, 
a 90° optical hybrid was used to mix the received optical data signal with the tunable external cavity local oscillator 
laser. Samples taken from the sampling scope with a sample rate of 40 GSa/s were processed offline. First, carrier-
recovery digital PLL and linear demodulation was performed without any dispersion compensation algorithm. 
The signal was downconverted to baseband and timing offset estimated using a smoothed Schmidl timing metric 
followed by a carrier frequency offset estimation algorithm [7]. In contrast to [3], the system presented here is fully 
asynchronous PM CO-OFDM transmission link, whose receiver and transmitter are not triggered by a common 
clock signal. The phase offset and amplitude for every channel is corrected by using the training sequence as an 
equalization reference. A structure typical for an OFDM receiver is then used. 
 
 
 
Fig.1. Experiment layout; ArbWave: arbitrary waveform; VSG: vector signal generator; OSA: optical Spectrum Analyzer; PwrMn: power 
measurement point; DSO: digital sampling oscilloscope. 
In the case of CO adaptive n-QAM OFDM the generating software has been modified as to support 4 different 
modulation formats. Namely, 4-QAM modulation is used on the first subcarrier of every OFDM symbol, 16-QAM 
on the second, QPSK on the third and 8-QAM on the fourth; this arrangement is then repeated as to fill all 
256 subcarriers in use.  
3. Experimental Results 
The measured BER performances of the 4-QAM and 16-QAM OFDM signal for the back-to-back (B2B) system and 
optical link transmission are shown in Fig. 2(a); in the first case the signal has been transmitted over 78 km of 
deployed SMF, while in the second over 40 km of SMF. As insets, the received constellation diagram of the 
250 Mbaud 4-QAM and 16-QAM PM CO-OFDM signal at 10-4 BER in B2B configuration are shown; the 
constellation points look clear and well separated.  
Fig. 2(b) is a contour plot showing the relation between the radio frequency (RF) output power measured at the 
output of the VSG and the optical received power at the input of the coherent receiver to obtain specific BER values 
for B2B CO-16QAM-OFDM. For instance, a BER value at 10-4 is measured by setting VSG output power anywhere 
in the range between 1 dBm and 2 dBm and the optical received power (via a variable optical attenuator) between 
−16 dBm and −14 dBm. For 16QAM-OFDM (Fig. 2(a)) the RF power was fixed at 2 dBm, corresponding to a 
modulation index value of 0.36 rad.  
Fig. 3(a) shows the constellation diagram for the initial CO-64QAM-OFDM trial with a BER value of 10-3, while 
Fig. 3(b) shows constellation diagrams used for the initial m-QAM CO-OFDM trial with a BER value of 10-3. In the 
second case, the reported results are obtained for an RF power equal to 2 dBm. 
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Fig. 2a) OFDM BER as a function of the Received Optical Power [dBm] for Back to Back and optical transmission; 
DF: deployed fiber; b) Contour plot RF optical power versus Received Optical Power for 16-QAM OFDM. 
(b)
 
 
(b)
(a) 
Fig.3. Received OFDM constellation diagrams: a) all 64-QAM  subcarriers superimposed; b) first-fourth subcarriers of the adaptive n-QAM 
4. Conclusions 
Successful signal demodulation of phase-modulated (PM) coherent optical (CO) 4-QAM and 16-QAM OFDM 
signals after fiber transmission (78 km of field deployed fiber for 4-QAM and 40 km of SMF for 16-QAM) have 
been experimentally demonstrated by using a single reconfigurable digital receiver. We also have demonstrated 
the easy reconfigurability of the implemented digital receiver capable of achieving bit error rate values at 10-3 for 
back-to-back PM CO-64QAM-OFDM and CO adaptive n-QAM OFDM without hardware changes in the 
experimental setup. Phase-modulated coherent optical OFDM systems are a promising solution for applications 
in converged wireless/wireline service delivery in optical networking scenarios with reconfigurable digital coherent 
receivers. 
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Abstract: The impact of fiber dispersion on the performance of optical phase modulated impulse-
radio-ultrawideband (IR-UWB) signals is experimentally investigated. 2Gbps BPSK IR-UWB 
over 78km fiber transmission is successfully achieved by using digital coherent detection.  
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1. Introduction  
With the recent development of integrated electronic circuits and digital signal processing (DSP), optical coherent 
receivers using DSP are becoming a practical and feasible solution for high speed systems. Digital coherent 
detection is a dominating approach for long-haul high capacity transmission systems [1]. Recently, it has also been 
proposed for optical access networks due to its very good channel selectivity, including optical phase modulated 
radio-over-fiber (RoF) systems which have several advantages compared to intensity-modulated RoF systems, such 
as no need of bias voltage, no fundamental limit on modulation depth, high linearity [2, 3], and 6 dB receiver 
performance advantage over intensity modulation counterpart [4].   
On the other hand, ultrawideband (UWB) has been considered as a promising technology for short-range, high-
speed wireless communication systems [5]. Regulated by the U.S. Federal Communications Commission (FCC), 
power spectral density of UWB signals is limited below -41.3dBm/MHz. Therefore, wireless transmission distance 
is very limited. In this context, UWB-over-fiber, similar to radio-over-fiber technology, is a potential technology to 
extend the reach with assistance of flexible UWB generation and distribution. Several approaches have been 
proposed to optically generate impulse radio (IR) UWB signals at the central office (CO) and distribute to end-users 
[6, 7, 8].  Recently, we also demonstrated that UWB-over-fiber could be integrated seamlessly into a WDM-PON 
that supports both wireline and wireless services [9]. In fact, in such long reach UWB-over fiber transmission 
systems, fiber chromatic dispersion will critically affect the signal performance, since UWB signals occupy a large 
bandwidth up to 6.5 GHz. Therefore it is important to conceive a robust IR-UWB optical fiber signal distribution 
approach with seamless integration with the major trend of employing advanced digital coherent receivers for 
universal support of several services and modulation formats. 
In this paper we consider optical phase-modulated transmission and coherent detection of IR-UWB-over-fiber in 
a coherent-detection PON scenario. We demonstrate an uplink transmission of 2-Gbps binary phase shift keying 
(BPSK) IR-UWB signals. The influences of the chromatic dispersion of various single mode fiber links (from 20 km 
in conventional access networks to up to 78 km in long-reach access networks) are experimentally investigated. The 
result proves the robustness of our system and its integration capability into a digital coherent receiver structure.  
2. Coherent optical access networks 
 
Fig. 1. Hybrid optical-wireless signal transport over optical access network supported by a universal coherent receiver. 
Fig. 1 shows a schematic diagram for a prospective converged wireless-optical network. Both wireline and wireless 
services are transported in the same fiber infrastructure. With the advantages of DSP, a universal and reconfigurable 
coherent-detection based DSP receiver can be employed in the CO to detect all types of signals. Moreover, the 
utilization of the universal receiver allows the CO to adaptively tackle the requirements for large number of users, 
diversity of services and reach extension, as it has potential to support large number of channels with very close 
channel spacing and increased receiver sensitivity. 
3.  Experimental setup 
     
a)             b) 
Fig.2. a) BPSK-modulated UWB sequence (1 0 1 1 0 0 1). b) Spectrua of the 2Gbps BPSK-UWB signals. 
 
To emulate a UWB wireless signal generation terminal, an arbitrary waveform generator (AWG) with a 24-GSa/s 
sampling rate was used. The generated UWB pulse is a 5th derivative Gaussian shape for its good compliance with 
the FCC mask [6]. In the experiment, a pseudo-random bit sequence (PRBS) at a bit rate of 2 Gbps with a word 
length of 211-1 was used. Bipolar modulation is employed for the UWB signal in order to avoid spectral lines at 
multiplication of pulse repetition frequency for on-off-keying modulation [10], and thus to be able to radiate further 
wirelessly.  Fig. 2 shows an example of UWB sequence and the UWB spectra generated by the AWG. We can see 
PI phase shift is perfectly introduced between bit ‘1’ and ‘0’, and no spectral spike lines are observed. The effective 
mask is the allowed mask when the frequency response of the transmitting antenna is taken into account.   
 
Fig. 3. Experimental setup. AWG: arbitrary waveform generator, TLS: tunable laser source, PM: phase modulator, EDFA: Erbium doped 
fiber amplifier, SMF: single mode fiber, VOA: variable optical attenuator, LO: local oscillator, DSO: digital storage oscilloscope. 
 
Fig. 3 shows the experimental setup. The UWB signal from the AWG was transmitted wirelessly through an 
Omni-antenna (SMT-3TO10M-A) and received by a directive antenna (AU-3.1G10.6G-1). The wireless 
transmission distance was set at 1 m. The received UWB signals from the receiver antenna were amplified and 
filtered out by a high-pass filter, to remove frequency components below 3.1 GHz before driving an optical phase 
modulator (PM). The lightwave launched into the PM with 4 dBm power was emitted from a tunable laser source 
(TLS). The modulated optical signals were then transmitted over a spool of single mode fibers (SMF) with different 
length (23, 40, 58 and 78 km fiber). The 78-km long link is a deployed fiber; in this case an erbium doped fiber 
amplifier (EDFA) was used as pre-amplifier to compensate 25 dB losses of the optical link.  
In the coherent receiver, a tunable external cavity laser with a linewidth of 100 kHz was used as local oscillator 
(LO). The in-phase and quadrature signals after a 90° optical hybrid were detected by two pairs of balanced 
photodiodes with 7.5 GHz full-width-half-maximum (FWHM) bandwidth. The detected photocurrents were 
digitized by a sampling scope at 40 GSa/s for offline digital signal processing (DSP). The employed single digital 
receiver included a digital dispersion compensation module, which is followed by an optical carrier-recovery digital 
phase-locked loop (PLL) [9] and a linear signal demodulator. In the digital linear demodulation module, the DSP 
algorithm performs functions of high-pass filtering, matched filtering with the original UWB pulse, synchronization 
and threshold decision [10]. The dispersion parameter for dispersion compensation (DC) module was 17ps/nm/km. 
4.  Experimental results 
In the experiment, 70,000 UWB bits were used to assess the performance of the UWB signals in each case. Fig. 4a 
shows the BER curves in cases of back-to-back (B2B), after 23, 40 and 58 km fiber transmission, with and without 
dispersion compensation as well. As illustrated in the figure, 23, 40 and 58 km fiber without DC caused 
approximately 1.4, 3.1 and 4.3 dB power penalties at a BER of 10-4, respectively. When digital DC was applied in 
the digital domain, power penalties were then less than 0.5 dB for all the transmission cases. Fig.4b shows the 
comparison of the measured BER performance between B2B and 78 km fiber transmission cases. The use of the 
EDFA introduced about 1 dB power penalty while 78-km fiber caused about 7 dB. However, similar to the shorter 
transmission distances, this power penalty can also be compensated completely by using digital dispersion 
compensation. Fig. 4c simply summaries the measured power penalties caused by the chromatic dispersion.  
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Fig. 4. BER performance of the UWB signals with and without dispersion compensation after (a) 23km, 40km and 58km and (b) 78km fiber 
transmission, c) Summarized power penalties caused by chromatic fiber dispersion. 
 
Fig. 5. Eye-diagrams of the received BPSK UWB signals 
Fig. 5 illustrates the eye-diagrams of 10,000 UWB bits at different positions in the 78-km transmission system. 
The eye diagram after wireless transmission but before fiber transmission was clear and open. After 78-km fiber 
transmission, the eyes at -22-dBm optical power were completely close due to the chromatic dispersion. However, 
after using digital dispersion compensation, the eye-diagrams and the transmission performance were similar to 
B2B. 
5. Conclusions 
We experimentally demonstrated an optical phase modulated UWB-over-fiber system using digital coherent 
detection for the transport of 2-Gbps BPSK IR-UWB signals in a coherent detection PON. Our experimental results 
indicate that a DSP receiver has the capability of overcome fiber transmission impairments, and the power penalty 
caused by the chromatic fiber dispersion is completely compensated in the digital coherent receiver. Therefore, it 
can be foreseen that a universal, reconfigurable DSP receiver will make it possible to seamlessly integrate also IR-
UWB into the diverse services supported in next generation high capacity optical access networks.  
6.  References  
[1] J. Renaudier, G. Charlet, O. Bertran-Pardo, et al, "Transmission of 100Gb/s Coherent PDM-QPSK over 16x100km of standard fiber with 
allerbium amplifiers," Opt. Express 17, 5112-5119 (2009). 
[2] D. Zibar, et al, “Digital coherent receiver for phase-modulated radio-over-fiber optical links,” IEEE Photon. Techn. Lett. 21, 155-157, 
(2009). 
[3] T. R. Clark, M. L. Dennis,“Coherent optical phase-modulation link,” IEEE Photon. Techn. Lett. 19, 1206–1208, (2007). 
[4] F. Gardner, “Phase-lock techniques,” 3rd  edition, (John Wiley and Sons, 2004). 
[5] D. Porcino, W. Hirt, “Ultra-wideband radio technology: Potential and challenges ahead,” IEEE Comm. Mag., 41, 66–74, (2003). 
[6] X. Yu, T. B. Gibbon, M. Pawlik, S. Blaaberg and I. T. Monroy, “A photonic ultra-wideband pulse generator based on relaxation oscillations 
of a semiconductor laser,” Optics Express 17, 9680–9687, (2009).  
[7] S. Pan, J. P. Yao, “Switchable UWB pulses generation using a phase modulator and a reconfigurable asymmetric Mach-Zehnder 
interferometer,” Opt. Lett.  34,160-162, (2009). 
[8] A. K.-Anandarajah, P. Perry, et al, “An IR-UWB photonic distribution system,” IEEE Photon. Techn. Lett. 20, 1884 – 1886, (2008). 
[9] K. Prince, J. B. Jensen, A. Caballero, et al, “Converged wireline and wireless access over a78-km deployed fiber long-reach WDM PON,”  
IEEE Photon. Technol. Lett. 21, 1274–1276, (2009). 
[10] T. B. Gibbon, X. Yu, I. T. Monroy, “Photonic ultra-wideband 781.25 Mbit/s signal generation and transmission incorporating digital signal 
processing detection,” IEEE Photon. Techn. Lett. 21, 1060-1062, (2009).  
i
i
\main_NGGO" | 2011/2/14 | 22:22 | page 96 | #116 i
i
i
i
i
i
i
i
\main_NGGO" | 2011/2/14 | 22:22 | page 119 | #139 i
i
i
i
i
i
Paper 11: Range extension and
channel capacity increase in
impulse-radio ultra-wideband
communications
Rodes Lopez Roberto, Yu Xianbin, Caballero Jambrina Antonio, Jensen
Jesper Bevensee, Gibbon Timothy Braidwood, Guerrero Gonzalez Neil,
Tafur Monroy Idelfonso. \Range extension and channel capacity increase
in impulse-radio ultra-wideband communications", Tsinghua Science and
Technology, vol. 15, no. 2, pp. 169-173, April 2010.
119
i
i
\main_NGGO" | 2011/2/14 | 22:22 | page 120 | #140 i
i
i
i
i
i
TSINGHUA SCIENCE AND TECHNOLOGY 
ISSNll1007-0214ll05/16llpp169-173 
Volume 15, Number 2, April 2010 
Range Extension and Channel Capacity Increase in Impulse-Radio  
Ultra-Wideband Communications* 
Roberto Rodes, Xianbin Yu**, Antonio Caballero, Jesper Bevensee Jensen,  
Timothy Braidwood Gibbon, Neil Guerrero Gonzalez, Idelfonso Tafur Monroy 
 
DTU Fotonik, Department of Photonics Engineering, Technical University of Denmark, DK-2800, Kgs. Lyngby, Denmark 
 
Abstract: We theoretically analyze the channel capacity of a 5th-order Gaussian pulse-based ultra-wideband 
(UWB) system and experimentally demonstrate 2 Gbit/s UWB-over-fiber transmission systems incorporating 
wireless transmission. Both electrical and photonic UWB pulse generation methods are employed and its 
performance is compared. By utilizing optimum UWB pulse design and employing a digital signal processing 
(DSP) receiver, a bit-error-rate above the forward error correction (FEC) limit for 8 meters of wireless emis-
sion is obtained in our photonic generation UWB system. A noticeable increase in the channel capacity is 
achieved compared to previously reported results. 
Key words: impulse radio ultra-wideband; UWB-over-fiber; channel capacity; personal area networks 
 
Introduction 
Ultra-wideband (UWB) wireless communication is an 
emerging technology for short range, high speed sys-
tems in future wireless local area networks (WLANs). 
The main characteristic of this technology is the ex-
tremely low radiated power over a wide frequency 
bandwidth. In accordance with the Federal Communi-
cations Commission (FCC) regulation which was first 
released in 2002[1], a maximum emission power spec-
tral density (PSD) of −41.3 dBm/MHz from 3.1 to 
10.6 GHz is allowed. Meanwhile, the employment of 
the ultra-wide frequency band (7.5 GHz) potentially 
allows UWB information transmission at a high 
bit-rate. 
Recently, UWB-over-fiber has been shown to be ex-
tremely valuable in extending UWB reach and several 
experiments featuring UWB-over-fiber transmission 
systems have been demonstrated[2-4]. However, the trade-    
off between UWB Shannon channel capacity, propaga-
tion distance, and radiation of low power close to the 
noise level imposes serious hurdles to extending wire-
less distance reach for high-speed signals[4]. Consider-
able effort has therefore recently been devoted to si-
multaneously increasing wireless distance and bit rate. 
Thus far, 500 Mbit/s×65 cm[5], 1.025 Gbit/s×20 cm[6], 
and 1 Gbit/s×90 cm[7] have been demonstrated. 
In this paper, we present our efforts towards extend-
ing the wireless reach range of an impulse radio 
(IR)-UWB fiber system. UWB pulse design, UWB 
signal generation, digital signal processing (DSP) re-
ceiver implementation, channel capacity analysis, and 
experiment results will be presented.  
1  Theory of UWB Channel Capacity 
A study of the Shannon channel capacity with respect 
to the UWB wireless transmission length is of great 
importance to evaluate the transmission link perform-
ance. The Shannon limit states the upper bound of   
information data rate can be transmitted through a 
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channel for a given signal power S, and additive white 
Gaussian noise power N, within a bandwidth B. 
2log (1 SNR)C B= +∙            (1) 
where C is the maximum channel capacity. SNR is the 
signal-to-noise ratio. 
In 2004 Levitt[8] computed a theoretical channel ca-
pacity of UWB communications assuming a lossless 
system and an ideal FCC limit emission from 3.1 - 
10.6 GHz. In fact, the received SNR of a UWB radio 
system can be written as[9] 
airSNR 10 lg Tx Rx
P L L
BkT
= + +∙          (2) 
where PTx is the pulse shape dependent and effective 
radiated power, B is the bandwidth of the system, k is 
Boltzmann’s constant, T is the nominal noise tempera-
ture, LRx is the receiver loss, and Lair is the free-space 
path loss between antennas defined link, and 
air 20lg 4π
cL
df
⎛ ⎞= ⎜ ⎟⎝ ⎠             (3) 
where d is the air link length. Therefore, Shannon’s 
channel capacity limit C can be represented with re-
spect to the wireless distance of the system by com-
puting Eqs. (1) - (3), while the parameters PTx, B, kT, 
LRx, and f are constants for a specific system. 
2  Effective IR-UWB Pulses 
The more efficient use of the UWB frequency band 
below the FCC mask, the higher the radiation power, 
and hence the longer the wireless transmission distance. 
Previous study proved that UWB pulses with shapes 
following high order Gaussian derivatives have good 
compliance with the FCC mask[10]. The 5th-order de-
rivative Gaussian pulse is the lowest order fitting the 
FCC mask, which makes it the simplest shape in terms 
of minimal zero-level crossing. In addition, the central 
frequency of the pulse increases with the higher de-
rivative orders. Therefore, the 5th order has the rela-
tively lowest central frequency, and the lowest air at-
tenuation. The 5th-order Gaussian derivative pulse is 
given by the equation, 
5 3 2
211 9 7
10 15( ) exp
22π 2π 2π
t t t ty t A σσ σ σ
⎛ ⎞ ⎛ ⎞= − + − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 
(4) 
where the optimum deviation σ is 60 ps and A is used 
to normalize the pulse amplitude. 
Figure 1 shows the pulse in time domain and Fig. 2 
shows the corresponding power spectral density. It is 
noticeable that the spectrum of a 5th-order derivative 
Gaussian pulse is effectively compliant with the FCC 
mask. By integrating the PSD of 5th-order pulse under 
the FCC power limit, a maximum transmitted power of 
0.2769 mW is obtained. 
 
Fig. 1  Normalized 5th-order derivative Gaussian pulse 
 
Fig. 2  Normalized PSD of the 5th-order Gaussian 
pulse and FCC mask 
3  Experiment Setup 
The experimental setup used to demonstrate UWB pulse 
generation and transmission is shown in Fig. 3. In the 
experiment, the UWB pulse is generated using two 
different approaches: electrical and optical generations. 
3.1  Generation of UWB pulses 
The electrical generation is performed by controlling 
an arbitrary waveform generator with 9 GHz band-
width and a sample rate of 24 GSa/s, as shown in 
Fig. 3a. At the output of the AWG, an on-off keying 
pulse sequence with a pseudo-random bit sequence 
(PRBS) of word length 211−1 is generated.  
The photonic generation setup is shown in Fig. 3b. 
The principle was described in Refs. [11,12]. A con-
ventional pulse pattern generator set to 10 Gbit/s bit  
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AWG, arbitrary waveform generator; DML, directly modulated laser; CW, continuous-wave laser; PC, polarization controller; NZDSF, 
non-zero dispersion shift fiber; DFB, distributed feedback laser; LNA, low noise amplifier; PD, photodiode; MZM, Mach-Zehnder 
modulator; DSO, digital sampling scope; HPF, high-pass filter 
Fig. 3  Experimental setup 
rate is used to drive an optical intensity Mach-Zehnder 
modulator. Five-bit patterns ‘10000’ and ‘00000’ are 
used to represent a binary one and zero, respectively. 
This results in a 2 Gbit/s effective IR-UWB bit rate. An 
optical circulator (OC) is used to separate the light-
wave launched into the DFB from its output lightwave. 
Cross-gain modulation inside the DFB in combination 
with relaxation oscillations results in an optical pulse 
whose shape is close to a 5th-order derivative Gaussian 
pulse. Both pulses generated by electrical and photonic 
methods are shown in time domain in Fig. 4. We can 
notice that compared to the pulse in Fig. 1, the pulse 
photonically generated is a reversed 5th-order pulse.  
 
Fig. 4  Measured pulses generated by electrical and 
photonic means 
The systems in Fig. 3 share the same transmission 
link and the same receiver. The optical transmission 
link consists of a 20 km NZDSF. Before wireless 
emission, a broadband electrical LNA with an 8 dB 
gain is used. Subsequently, an HPF with cut-off fre-
quency of 3.1 GHz is used to feed the transmitter an-
tenna, assuring the signal fits inside the spectrum 
available for UWB technology. Figure 5 shows the 
measured PSD after the transmitter antenna (omni-   
directional antenna Skycross SMT-3TO10M-A[13]). It 
is evident that both spectra meet the FCC requirements 
and fit the FCC mask. However, due to the AWG 
bandwidth, the spectra generated by electrical means 
exhibit greater attenuation in the high frequency band. 
 
Fig. 5  Measured PSDs of electrically and photonically 
generated pulses in the experiment 
3.2  DSP receiver 
In order to extend the wireless distance and recover the 
corresponding UWB signal with its extremely low 
power after air transmission, a high performance re-
ceiver with high gain, low noise, and broadband am-
plification is highly desirable. In the experiment a re-
ceiver with high gain of around 59 dB is implemented. 
The receiver consists of a directive antenna (Geozon-
das AU-3.1G10.6G-1), with around 10 dB gain at a 
frequency of 6.5 GHz[14], and a 2-stage broadband am-
plifier with a total gain of 49 dB. An LNA is set as the 
first stage, which provides a total noise figure of 3 dB. 
Finally, a DSO, with a 40 GSa/s sampling rate over a 
13 GHz bandwidth, digitizes and stores the received 
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signal. A DSP algorithm based on correlation is    
programmed to demodulate the signal offline. 
The block diagram of the DSP algorithm is shown in 
Fig. 6. The received signal from the DSO is firstly fil-
tered by a bandpass filter, and correlated with a 
5th-order derivative Gaussian pulse. The synchroniza-
tion after envelope detection is then performed by   
calculating the maximum variance of the signal enve-
lope and shifting the signal to the middle of the pulse 
period for optimum sampling. Finally, adaptive thresh-
olding and a bit-for-bit comparison are used to calcu-
late bit-error-rate (BER). 
 
PRBS: pseudo random bit sequence 
Fig. 6  Block diagram of the DSP algorithm 
4 Experimental Results and Channel 
Capacity Analysis 
We measure the bit-error-rate results based on the sys-
tem discussed in Section 3. By changing the wireless 
distance, the BER at 4, 6, and 8 m for both systems are 
measured and presented in Fig. 7. We can observe that 
only BER after 8 m emission in the electrical genera-
tion system exceeds the forward error correction (FEC) 
limit of 2×10−3. We can also notice that the photonic 
generation system has better performance. This is 
mainly due to the 9 GHz bandwidth limitation of the 
AWG. In addition, non-linear modulation of the DFB 
introduces signal degradation in the electrical genera-
tion link[15].  
 
Fig. 7  Experimental BER results for electrical and 
photonic generation systems 
Figure 8 shows the theoretical and experimental 
channel capacity, as well as Levitt theoretical channel 
capacity and the previously reported experimental re-
sults. Table 1 displays the constants used in calculating 
our theoretical channel capacity. In the calculation, we 
took into account the system loss, and the fact that the 
5th-order pulse does not completely fill the FCC mask. 
Compared to the Levitt result, our predicted curve thus 
provided a more accurate approximation of the funda-
mental limit for our UWB system. Most importantly, 
we have also contributed to achieving a noticeable in-
crease in the experimental distance and bit-rates com-
pared to previously published wireless UWB transmis-
sion experiments. Our results are, to our knowledge, 
the closest to the channel capacity limit achieved thus 
far, even though the ranges are still below half of the 
fundamental maximum distance.  
 
Fig. 8  Analysis of theoretical and experimental 
channel capacity 
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Table 1  Parameters used in the calculation 
Parameters Value 
PTx 0.2769 mW 
B 7.5 GHz 
kT 1.38×10−23 ×290 eV 
LRx −3 dB 
f 6.85 GHz 
5  Conclusions 
We have theoretically analyzed the channel capacity 
for a 5th-order Gaussian pulse-based UWB system. 
Taking into account the system loss and the emission 
power of the 5th-order pulse our calculation provides a 
better approximation of the fundamental limit for our 
UWB system than the Levitt formulation. Furthermore, 
we have experimentally demonstrated two 2 Gbit/s 
IR-UWB systems based on electrical and photonic 
pulse generation methods. The experimental results 
shown have contributed to achieve a noticeable in-
crease in the wireless distance and bit rate (2 Gbit/s×     
8 m). These results present UWB over fiber as a poten-
tially attractive solution for fiber-to-the-home (FTTH) 
networks, providing high-speed wireless services to the 
end-users. 
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3.125 Gb/s Impulse Radio Ultra-Wideband Photonic
Generation and Distribution Over a 50 km
Fiber With Wireless Transmission
Timothy Braidwood Gibbon, Xianbin Yu, Romeo Gamatham, Neil Guerrero Gonzalez, Roberto Rodes,
Jesper Bevensee Jensen, Antonio Caballero, and Idelfonso Tafur Monroy
Abstract—A 3.125 Gb/s photonic impulse radio ultra-wideband
signal is created using the incoherent optical field summation re-
sulting from the cross gain modulation of an uncooled distributed
feedback laser injected with an external cavity laser. After 50 km
of fiber and wireless transmission over 2.9–3.3-m, successful detec-
tion using a digital signal processing receiver is achieved.
Index Terms—Digital signal processing, photonic signal genera-
tion, ultra-wideband (UWB), wireless transmission.
I. INTRODUCTION
U TRA-WIDEBAND (UWB) radio is a rapidly emergingtechnology capable of supporting bandwidth intensive
applications by radiating extremely low power levels into the
environment within an unlicensed region of the spectrum,
below the noise floor of other wireless technologies such
as Global Positioning System (GPS), WiMax and Universal
Mobile Telecommunications System (UTMS) [1]. As gov-
erned by the Federal Communications Commission (FCC),
UWB operates from 3.1–10.6 GHz at radiation levels below
. Wireless UWB can however only propagate
several meters due to the low power levels. Photonic UWB
signals transmitted through fiber are thus extremely useful for
distributing UWB in converged optical/ short range wireless
access networks. For broadcast applications such as high def-
inition TV this approach has the added benefit that the UWB
transmission equipment can be localized in a central office,
thereby sharing capex and opex costs amongst many users.
Two major challenges confronting the practical imple-
mentation of UWB optical-wireless access networks are
the generation of high speed photonic impulse radio UWB
(IR-UWB) signals, and the challenge of extending wireless
reach. Previous demonstrations include photonic IR-UWB
generation at 500 Mb/s with pulse shaping and 65 cm wireless
transmission [2], 625 Mb/s photonic generation with frequency
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Fig. 1. Experimental setup used for the generation of 3.125 Gb/s photonic
IR-UWB signals along with the subsequent fiber and wireless transmission.
up-conversion [3], 781.25 Mb/s [4], [5] and 3.125 Gb/s [6]
photonic generation using an uncooled DFB laser, 1.025 Gb/s
photonic generation with 20 cm wireless [7], 1.625 Gb/s pho-
tonic generation with wireless transmission over an unspecified
distance [8], and 90 cm wireless at 1 Gb/s [9].
In this letter we report to date the furthest and highest bit
rate wireless transmission of an IR-UWB signal generated in
the photonic domain. A 3.125 Gb/s photonic IR-UWB signal is
generated based on the incoherent optical field summation re-
sulting from cross gain modulation (XGM) of an uncooled dis-
tributed feedback (DFB) laser injected with a 12.5 Gb/s modu-
lated external cavity laser (ECL). The photonic IR-UWB signal
is transmitted over 50 km of fiber followed by a 2.9 m wireless
link. The signal is subsequently recovered without errors using
an offline digital signal processing (DSP) receiver.
II. EXPERIMENT SETUP AND OPERATION PRINCIPLE
Fig. 1 shows the experimental setup. A 1552.8 nm ECL in-
tensity modulated at 12.5 Gb/s is injected into the first-order
sidemode of an uncooled DFB laser with a central wavelength
of 1551.5 nm. A polarization controller (PC) placed before the
circulator is used to adjust the state of polarization of the mod-
ulated ECL to ensure that the resultant XGM introduced within
the DFB laser is maximized.
The signal exits the IR-UWB generator with an optical
power of 3.3 dBm and is launched into 25 km of single mode
fiber (SMF) followed by 25 km of matching inverse dispersion
fiber (IDF). The combined fiber loss is 12.8 dB. The IR-UWB
pulse is subsequently detected by a photodiode (PD) with a
12 GHz 3 dB bandwidth, before wireless retransmission with
an omni-directional UWB antenna. A high pass filter (HPF1) is
used to remove frequency components below 3.1 GHz. A low
noise amplifier (LNA1) and RF attenuator are used to ensure
1531-1309/$26.00 © 2010 IEEE
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Fig. 2. (a) The ECL and DFB laser signals measured individually using a
0.4 nm FWHM filter at the output of the IR-UWB generator. (b) The IR-UWB
signal resulting from the incoherent summation of the ECL and DFB signals.
that the radiated power levels comply with the FCC indoor
requirements. The wireless signal is received by a directional
antenna directed towards the transmitter. HPF2 is used to filter
0.9, 1.8, and 2.1 GHz GSM interference, and no absorbers were
used. The received signal is processed by a DSP receiver com-
prising of an Agilent 40 GSa/s Digital Storage Oscilloscope
and a custom offline DSP algorithm.
III. GENERATION OF 3.125 GB/S OPTICAL IR-UWB
Injection of the intensity modulated signal from the ECL
introduces XGM in the DFB laser. This causes the carrier and
photon density inside the DFB laser active region to change
with time, accompanied by relaxation oscillations which results
in a complex pulse shape at the DFB laser output [10]. Both
phase modulated [11] and [12] and intensity modulated [6]
IR-UWB pulses can be produced from the incoherent sum of
the ECL and DFB outputs. Fig. 2 illustrates the generation prin-
ciple for a 101101 intensity modulated IR-UWB bit sequence.
The ECL modulated at 12.5 Gb/s with the sequence 1000 0000
1000 1000 0000 1000 produces XGM of the DFB laser with
associated overshoot and relaxation oscillations as shown in
Fig. 2(a). IR-UWB bits are created from the incoherent sum of
the ECL and DFB outputs as shown in Fig. 2(b). The 12.5 Gb/s
modulation sequences 1000 and 0000 of the ECL correspond
to 1 and 0 IR-UWB bits respectively, at an effective IR-UWB
bit rate of 3.125 Gb/s.
The IR-UWB pulse resembles that of an inverted fifth-order
Gaussian derivative, which is known to demonstrate good agree-
ment to the FCC requirements [13]. The generation method
Fig. 3. Optical signals at (a) the fiber input and (b) fiber output for the IR-UWB
bit sequence 010110. (c) Electrical signal at the DSP receiver after fiber trans-
mission over 50 km and wireless transmission over 2.9 m.
Fig. 4. Electrical spectrum at the input to the transmitter antenna, both with
and without the high pass filter (HPF1).
shown here shares similarities to that used in [4] and [5], where
an optically injected DFB laser was used to create a 781.25 Mb/s
photonic IR-UWB signal. Unlike [4] and [5] however, there is
no optical filter after the circulator in Fig. 1 to remove the ECL
wavelength, and hence good compliance to the FCC require-
ments at higher bit rates can be achieved through the incoherent
summation of the DFB and ECL optical fields. Were the ECL
wavelength to be filtered as in [4], [5], the UWB pulse would
have the shape of the DFB output shown in Fig. 2(b) instead of
the ideal inverted fifth order Gaussian derivative.
IV. IR-UWB TRANSMISSION RESULTS
Fig. 3(a) shows the optical signal directly after the IR-UWB
generator for the bit sequence 010110. In comparison with
Fig. 3(b) it is evident that the signal shape is well preserved
after the 50 km fiber link. The IDF that is used to compensate
the SMF dispersion has the added advantage compared to
dispersion compensating fiber of being used as a transmission
fiber, thus extending network reach.
From Fig. 4 it is evident that the IR-UWB pulse at the input
to the transmitter antenna shows good compliance with the FCC
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Fig. 5. Eye diagrams with 20000 bits for IR-UWB transmission over 50 km
fiber link followed by (a) 2.9 m wireless, (b) 3.1 m wireless.
mask when using HPF1 to remove low frequency components
below 3.1 GHz. The frequency response and gain of the trans-
mitter antenna plays a role in shaping the transmitted wireless
pulse. The effective antenna mask, which was calculated as de-
scribed in [2], takes this into account and provides the overall
conditions for FCC compliance. The spikes in the spectrum with
3.125 Gb/s spacing are a measurement artifact originating from
the PRBS repetition rate, and in accordance with the FCC reg-
ulation such spikes may protrude around 20 dB above the FCC
mask [14].
In order to assess transmission performance, 1 million
IR-UWB bits following a PRBS pattern were trans-
mitted over the fiber and wireless link and recorded using a
40 GSa/s Digital Storage Oscilloscope. The bit error rate was
subsequently computed using a DSP algorithm in a bit-for-bit
comparison between the transmitted and received bits. The
DSP algorithm features noise filtering, bit correlation, and dis-
tinguishing between “1” and “0” IR-UWB bits by comparing
the average power within the central window of each bit slot
to an optimally determined decision threshold [4] and [5]. For
50 km IR-UWB over fiber followed by 2.9 m wireless, 1 million
bits were transmitted error-free. An example of the signal at
the DSP receiver is shown in Fig. 3(c). Wireless distances of
3.1 m and 3.3 m yielded bit error rates of 7.02e-6 and 5.89e-3,
respectively. The corresponding eye diagrams after DSP pro-
cessing for 2.9 m and 3.1 m wireless transmission are shown in
Fig. 5. The results were very similar for back-to-back wireless
transmission without the fiber, yielding no errors in 1 million
bits at 3.1 m, and a bit error rate of 4.27e-3 for 1 million bits
at 3.3 m.
V. CONCLUSION
In this letter, we reported to date the furthest and highest bit
rate wireless transmission of an IR-UWB signal generated in
the photonic domain. A 3.125 Gb/s photonic IR-UWB signal
was created using the incoherent optical field summation re-
sulting from cross gain modulation of an uncooled distributed
feedback laser injected with an external cavity laser. The pho-
tonic components used are all conventional to optical fiber ac-
cess systems. The IR-UWB signal was sent over 50 km of fiber
followed by 2.9 m wireless, and subsequently recovered without
error in 1 million bits using a digital signal processing receiver.
The results highlight the potential of IR-UWB as a candidate for
supporting extremely bandwidth intensive applications in con-
verged optical/ short range wireless access networks.
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Converged Wireline and Wireless Access Over a
78-km Deployed Fiber Long-Reach WDM PON
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Abstract—In this letter, we demonstrate a 78.8-km wave-
length-division-multiplexing passive optical network supporting
converged transport of 21.4-Gb/s nonreturn-to-zero differential
quadrature phase-shift keying, optical phase-modulated 5-GHz
radio-over-fiber, fiber and air transmission of 3.125-Gb/s pulse
ultrawideband, and 256-quadratic-amplitude modulation wireless
interoperability for microwave access.
Index Terms—Coherent optical systems, converged access net-
works, ultrawideband (UWB) signaling, wireless interoperability
for microwave access (WiMAX).
I. INTRODUCTION
H YBRID optical/wireless access network architectures areconsidered a promising solution for large-scale deploy-
ment of broadband access as they combine the advantages of
high capacity offered by optical access with the flexibility pro-
vided by wireless networks [1], [2]. Simultaneous transport of
wireline and wireless types of signals, fulfilling power budget,
dispersion, and other quality requirements for both signal types,
over a common fiber infrastructure is an important aspect for hy-
brid optical wireless access networks.
We report on a converged wireless and wireline, wave-
length-division multiplexing (WDM) passive optical network
(PON) access link over a 78.8-km-long commercially deployed
optical fiber in Copenhagen. We successfully implemented an
eight-channel, single-fiber, WDM transmission system simulta-
neously supporting 85.6-Gb/s baseband via four 21.4-Gb/s non-
return-to-zero (NRZ) differential quadrature phase-shift keying
(DQPSK) channels, 500 Mb/s via two coherently detected
phase-modulated radio-over-fiber (RoF) channels, 3.125 Gb/s
via impulse radio ultrawideband (UWB), and intensity-mod-
ulated, direct-detected RoF link with quadratic-amplitude
modulation (QAM) at 12 megabaud (MBd). Air transmission
was demonstrated after fiber transmission for the UWB and
WiMAX signals.
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II. SYSTEM LAYOUT
Fig. 1 shows a block diagram of the field trial and setup
used in the experiment. The field-deployed fiber connects the
Kongens Lyngby campus of the Technical University of Den-
mark (DTU) and facilities located in the suburb of Taastrup.
The fiber is a G.652 standard single-mode fiber (SMF) type
(16.5 ps/nm km chromatic dispersion, 0.20 dB/km attenuation,
polarization dispersion coefficient ps km). The total
link loss was measured at 25 dB. The eight WDM channels
employed were separated by 200 GHz, at standard International
Telecommunication Union (ITU) wavelengths, denoted by
nm through nm. Four wavelengths
were used for NRZ-DQPSK: two for coherent
RoF, for UWB, and for WiMAX. Launch power into the
deployed fiber was set to 0 dBm for each of the eight channels.
A dispersion-compensating fiber (DCF) was used at the trans-
mitter; this also ensured decorrelated signals at the input to the
transmission fiber. A preamplifier erbium-doped fiber ampli-
fier (EDFA) overcame transmission losses before wavelength
demultiplexing by arrayed waveguide grating (AWG). AWG
spacing of 200 GHz was used due to equipment availability; we
anticipate good system performance with closer spacing [3].
A. NRZ-DQPSK Baseband
The transmitter setup comprises four DFB lasers at wave-
lengths multiplexed in an AWG and NRZ-DQPSK
modulated using an inphase/quadrature (I/Q) modulator driven
by two electrical pseudorandom bit sequences (PRBSs) of
length bits and bit rate 10.7 Gb/s, resulting in a
per-channel bit rate of 21.4 Gb/s at a symbol rate of 10.7 GBd.
The bit pattern length was selected due to limitations
of the bit error rate tester (BERT) functionality. Since we used
phase modulation, no pattern dependency was expected from
nonlinear effects in the transmission fiber. After transmission
and wavelength demultiplexing, the NRZ-DQPSK signals
were demodulated using a one-symbol delay Mach–Zehnder
interferometer (MZI) and detected by a pair of balanced pho-
todetectors (BPDs). The BER of each DQPSK tributary was
measured independently, and we report the average obtained.
B. Coherent RoF
A 5-GHz RF carrier at 8 dBm was BPSK modulated at
250 Mb/s, and used to optically phase modulate signals at wave-
lengths of and . At the receiver, the desired channel was
optically mixed with a continuous-wave local oscillator (LO)
signal, derived from a tunable laser source at 0 dBm output
power, and coherently detected using a 90 optical hybrid with
integrated photodetectors. The in-phase (I) and quadrature (Q)
1041-1135/$26.00 © 2009 IEEE
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Fig. 1. Detail of the experimental setup. PPG: pulse pattern generator; PBS: polarization beam splitter; PM: optical phase modulator; ARB: arbitrary waveform
generator; VOA: variable optical attenuator. ASE added to evaluate system OSNR sensitivity for phase-modulated signals: precompensating DCF-implemented
decorrelation of RoF and NRZ-DQPSK signals. (Inset) Spectra of launched WDM optical signal (solid line) and AWG response (dashed line).
electrical signals were sampled at 40 GSa/s by a sampling os-
cilloscope (SO) with a 13 GHz bandwidth. The stored signals
were processed offline using DSP algorithms described in [3] to
perform signal demodulation and BER evaluation.
C. Impulse Radio UWB
A lightwave at (1552.80 nm wavelength) was modulated
by a 12.5-Gb/s pattern “1000” using a Mach–Zehnder modu-
lator (MZM). An uncooled DFB laser was optically injected
with the incoming signal from the fiber link. Under optical in-
jection, cross-gain modulation and relaxation oscillations gov-
erning the dynamic response of the DFB shape its output signal
[4]. The incoherent combination of the injected and DFB wave-
lengths after photodetection generated a pulse with a postde-
tection RF spectrum that is compliant with the impulse radio
UWB mask. Air transmission of 40 cm was implemented. These
UWB signals were sampled by a 40 GSa/s sampling scope with
13 GHz bandwidth, and processed offline using a DSP algo-
rithm.
D. WiMAX
An electroabsorption modulator (EAM) fed by an optical car-
rier at was modulated with a 256-QAM RF signal, centered at
5.8 GHz, obtained from an Agilent E4438C vector signal gen-
erator (VSG); a boost EDFA and a variable optical attenuator
(VOA) controlled the launch power. A preamplified receiver
was implemented with a 30-dB gain EDFA, an optical band-
pass filter (BPF), and a 10-GHz PIN photodiode. The electrical
signal obtained was amplified by 35 dB, filtered by 25 MHz RF
duplexers for 5 GHz unlicensed ISM band operation, and radi-
ated by a 12 dBi omnidirectional 5 GHz antenna. The wireless
signal was detected with an identical antenna at 40 cm sepa-
ration, and amplified and assessed with an Agilent 9020 MXA
vector signal analyzer (VSA) with the 89 600 VSA signal ana-
lyzer software. We report error vector magnitude (EVM) sensi-
tivity to RF source power at both ends of the wireless link for the
single active wavelength and for all WDM transmitters active.
We additionally assessed the performance with extra 40 km of
uncompensated SMF, after DF and preamp and the postdetec-
tion eye diagram.
III. RESULTS
A. NRZ-DQPSK Baseband
The BER of the four NRZ-DQPSK-modulated baseband
channels back-to-back (B2B) and after fiber transmission is
plotted in Fig. 2(a) with filled symbols/solid lines for the
back-to-back case and hollow symbols/dashed lines for the
transmitted. OSNR requirement for a BER of was ob-
served between 22 dB and 23.3 dB for . At , a
penalty of 0.3 dB was observed after transmission; for all other
channels, no penalty was measured. The eye diagrams before
and after transmission shown in Fig. 2(b) show no transmission
distortion, thus confirming good transmission properties.
B. Coherent RoF
A 250-MBd BPSK data signal modulating a 5-GHz RF car-
rier for each WDM channel was successfully recovered after
transmission through the dark fiber with input power to the co-
herent receiver set to 15.77 and 16.77 dBm, respectively. In
Fig. 2(b), the BER curves for back-to-back and after fiber trans-
mission are computed as a function of OSNR values from 7 to
12 dB. We observed a receiver sensitivity penalty of 0.5 dB at
for BER at , whereas a 2 dB penalty was observed in
channel 4, which we believe was caused by partial misalignment
of the source with the AWG passband.
C. Impulse Radio UWB
We generated 3.125-Gb/s ON–OFF key (OOK) modulation
with PRBS; an example of “1110111” pattern and the
resulting RF spectrum are shown in Fig. 3(a). The frequency
spectra observed are compatible with the FCC (indoor) UWB
mask. We used a sample size of 684 kilosamples, and a DSP
algorithm was employed to calculate the BER offline. From the
BER measurement curves, we observed less than 0.5 dB penalty
between B2B and fiber transmission (for both single-channel
and WDM transmissions).
D. WiMAX
We successfully transported 256-QAM signals at 12 MBd
over the deployed fiber and an additional 40 km SMF with no
Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on August 27, 2009 at 15:04 from IEEE Xplore.  Restrictions apply. 
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Fig. 2. BER results. (Top) 21.4-Gb/s NRZ-DQPSK. (Bottom) Coherent RoF.
Sample eye diagrams are also shown.
further optical amplification, with below 3% EVM at the remote
transmit antenna, as shown in Fig. 3(b). System spur-free dy-
namic range was 74 dB/Hz .
IV. CONCLUSION
We successfully demonstrated combined transport over a
single 78.8-km field-installed fiber of NRZ-DQPSK-modulated
baseband access at 21.4 Gb/s per channel, coherent RoF at
250 Mb/s per channel, impulse-radio UWB at a record speed
of 3.2 Gb/s, and a 256-QAM WiMAX signal at 12 MBd. For
the UWB and WiMAX signals, air transmission was included
after the fiber link. This is the first known demonstration of its
kind, and it proves that the existing standard SMF based fiber
infrastructure can support the seamless coexistence of various
wireless and wireline signals for future converged broadband
access networks. Prior results [5] also suggest the feasibility of
WDM transmission with 100-GHz channel separation.
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